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Abstract
Agriculturally-altered habitats, especially oil palm plantations, are rapidly
dominating the Southeast Asian landscape. Although recent studies have
shown reduced species diversity associated with this commodity, data on
amphibian diversity are rare. The following thesis explores the impact of
oil palm plantations on amphibians in Peninsular Malaysia based on (1)
amphibian biodiversity, (2) quality and use of breeding sites, (3) habi-
tat use and (4) parasitism. Contrary to expectation, not all metrics of
biodiversity diﬀered between oil palm plantations and secondary forest
sites. Amphibian community composition, however, diﬀered greatly be-
tween the two habitat types, with oil palm communities being dominated
by species known to prosper in disturbed habitats, indicating that the
community is currently of limited conservation value. Within plantations,
temporary pools were found to serve as important breeding habitats for
amphibians so a focused study on the characteristics of these pools was
carried out. Although we found diﬀerences between pools, the proportion
of occupied pools did not diﬀer significantly between plantation and forest
sites. I did observe evidence of breeding site preferences of least concern,
plantation amphibians, along with habitat partitioning between species,
a similar pattern also seen in forest communities. I compared parasite
burdens between habitats by screening for the fungus Batrachochytridium
dendrobatidis (Bd) and for nematode parasite load. Bd was not detected in
any of my samples and there was no diﬀerence in nematode loads between
habitat types. However, patterns of nematode prevalence was aﬀected
by host type, while nematode intensity was dependent on an interaction
between host and body size. The final chapter indicates that in terms
of parasite, the host environment is the most important. Additionally,
diﬀerences in host-parasite patterns between habitats indicate a possible
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underlying problem that rapid biodiversity censuses would be unable to
detect.
Chapter 1
Introduction
1.1 Introduction
This chapter will provide an overall introduction to the thesis. It begins
with an introduction to oil palm agriculture in Southeast Asia, specifically
focusing on Malaysia. This is then followed by a discussion of the positive
and negative aspects of this commercial crop. I will outline the gap within
the knowledge base and the reasoning for studying amphibians. Finally,
I will end with the aims, the possible limitations and the organization of
the thesis.
The impact of a rapidly growing human population on natural habi-
tats is becoming increasingly diﬃcult to ignore. With a two fold increase
over the past four decades to about 6.5 billion people in the world and a
projected increase to around 9 billion by 2050 (Population Reference Bu-
reau, 2006), such expansions would inevitably be coupled with increasing
demands for food and space. From 1971 to 2010, the global consumption
of edible vegetable oil has increased from 16 million tons to 115 million
tons, with China, India, the United States and the European Union being
the top four consumers of vegetable oils (Koh & Lee, 2012). The major
source of vegetable oil and fat is currently derived from oil palm (Elaeis
guineensis), the majority of which comes from the tropics (Koh & Lee,
2012). The area used for oil palm production has increased dramatically
and now covers 10.7 million ha worldwide (Basiron, 2007).
Southeast Asian countries, specifically, Malaysia and Indonesia, are the
main players in oil palm production, and agricultural expansion within
these areas have exhibited exceptional growth from 3 million ha in 1971
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to over 9 million ha in 2009 (Gallant et al., 2007; Gibbs et al., 2010).
Currently, both these countries collectively produce more than 80% of
the worlds palm oil (Fitzherbert et al., 2008; Koh, 2007), which is used
in domestic cooking, commercial food products, feed for livestocks and
recently, its possibilities as biofuels (Basiron, 2007; Turner & Foster, 2008;
Fitzherbert et al., 2008). Rapid development of the palm oil industry
in countries like Malaysia is mainly attributed to the crops high yields
per unit area (∼30 years of productive life), strong global demand for
fats and oils and favourable climatic conditions, which makes the crop
easily adaptable from its origin of West Africa (Donald, 2004; FAO, 1998).
Additionally, rising labour costs, decreasing demands for natural rubber
and the plight of cocoa borer pest have further increased the incentive for
planting oil palm over these previously lucrative commercial crops (FAO,
1998). In Malaysia, a series of economic policy decisions, one of which
is increasing exports of commodities such as oil palm have helped boost
its economy. As a result, Malaysia’s Gross Domestic Product [GDP] (the
total expenditures for goods and services produced within the country)
has risen from $4.5 billion in 1972 to $278.67 billion in 2011, making it
one the worlds economic success stories. In 2009, the poverty head count
in Malaysia decreased to only 3.8% of the population, with 99% of the
population having access to safe drinking water, health care and education
facilities (World Bank, 2012).
Due to the increasing demands for oils and fats, along with its advan-
tages to the economy of developing countries, oil palm production in the
future is thought to double (Fitzherbert et al., 2008). Increase in produc-
tion would go hand in hand with the expansion of oil palm cultivation,
which is cited as being a major factor in driving deforestation and loss
of local diversity (Turner & Foster, 2008). In South East Asia, tropical
forests hold more species compared to temperate forests, have the most
number of endangered species and store 46% of living terrestrial carbon
(Danielsen et al., 2009). Malaysia and Indonesia possess more than 80%
of South East Asia’s remaining primary forests (Fitzherbert et al., 2008)
and palm oil production is thought to threaten the endemic diversity in
these areas (Aratrakorn et al., 2006). In Malaysia alone, 89 species of
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amphibians do not occur anywhere else in the world and 47 of them are
listed in the IUCN Red List as threatened. In Indonesia, 146 species of
mammals are also listed as threatened by the IUCN (Koh, 2007). A study
of Malaysias landscape revealed that the major cause of forest fragmenta-
tion in Peninsular Malaysia was due to agricultural oil palm and rubber
plantations, where oil palm was specifically associated with fragmentation
of wetland landscapes (Abdullah & Nakagoshi, 2007).
Despite being one of the most widely exported and consumed veg-
etable oil globally, research interest on oil palm, compared to other oil
crops, is grossly limited. Based on publication searches done by Turner
and his colleagues (2008), most of the research surrounding oil palm were
related to increasing yield, alternative usage and health issues, with less
than 4% focusing on its impact on biodiversity at the time. Publications
investigating the eﬀects of oil palm cultivation on biodiversity consistently
showed plantations having a lowered diversity, abundance and a commu-
nity commonly found inhabiting disturbed habitats (Donald, 2004; Ara-
trakorn et al., 2006; Koh & Wilcove, 2008; Fayle et al., 2010; Gillespie
et al., 2012). Conversion to plantations from primary forests resulted in a
decrease of bird species richness up to 77% (Aratrakorn et al., 2006). Fayle
and colleagues (2010) found that primary forests supported three times
the amount of ant species compared to oil palm monocultures, while the
number of bat species decreased more than 75%, with a change in the
species composition by 60% (Donald, 2004; Struebig et al., 2009).
Converting any natural habitat into a monoculture was always going
to have an eﬀect on the native ecosystem, but measuring such eﬀects can
be tricky, as not all organism responds the same way. Changing the struc-
ture of a habitat could have a negative relationship with species diversity,
as seen in the community of birds, ants and bats previously studied in oil
palm plantations. However, not all species show a reduction in numbers.
The density of wild pigs (Sus scrofula) in disturbed habitats such as for-
est fragments and oil palm plantations was seen to increase (Ickes, 2001).
Similarly, the increase in blood pythons (Python brongersmai), short-tailed
pythons (P. curtus) and the Malaysian field rat (Rattus tiomanicus) were
also reported following conversion (Wood & Liau, 1984; Shine et al., 1999).
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There is also the possibility that within a class of organism, the amount
of winners could be as many as the amount of losers, resulting in no
changes in species richness, but considerable change in communities (De-
victor et al., 2009). If the case remained that oil palm plantations are
unable to support high biodiversity, the question is whether managing
plantations with increasing biodiversity in mind, is actually possible? In-
deed, Koh and colleagues have shown that the inclusion of natural forest
cover within and around plantations positively influenced the number of
forest bird and butterfly species. With the rising public awareness of the
negative eﬀects of oil palm, pressure was put onto the industry to ensure
environmentally friendly and sustainable production. A number of groups,
the most influential of those being the Roundtable on Sustainable Palm
Oil (RSPO), were formed over the last few years with the aim of investigat-
ing, maintaining and promoting the sustainability of palm oil cultivation
(Turner & Foster, 2008; RSPO, 2012). However, if much progress is war-
ranted on ensuring palm oil as environmentally friendly and sustainable,
the current knowledge base of the impact of this commodity is still insuf-
ficient (Turner & Foster, 2008; Bakewell et al., 2012). For example, basic
biodiversity surveys of a number of animal taxa are still lacking, along
with our understanding of its eﬀects on plant-pollinator, predator-prey
and/or host-parasite relationships (Bakewell et al., 2012).
One of the lesser-studied taxa within this topic are amphibians. Glob-
ally, amphibians are one of the most threatened groups of vertebrates
(Cushman, 2006). The conclusions from 118 monitoring programmes are
that there are widespread population declines aﬀecting around 30 genera
and nine families within the class (Gardner, 2001). In addition to this, the
IUCN Global Amphibian Assessment has reported that 32% of over 6000
known amphibian species in the world are under threat from extinction
(Greenwood & Robinson, 2006). Abnormally high rates of amphibian de-
clines were first discussed at the First World Herpetology Conference in
1989 and scientifically reliable observations were made during the 1980s till
the early 1990s (Gardner, 2001). Amphibians possess certain characteris-
tics, which make them susceptible to changes in the environment (Guerry
& Hunter-Junior, 2002). Having a permeable skin and being ectothermic
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means that amphibians depend on their external environment for temper-
ature and moisture regulation (Gallant et al., 2007). This characteristic
limits the size of home ranges and ties populations to moist microclimates
(Cushman, 2006; Guerry & Hunter-Junior, 2002). Agricultural land con-
versions and logging can change the structure and climatic characteris-
tics of a particular habitat, which can be detrimental to local amphibian
species (Vallan, 2002; Krishnamurthy, 2003; Gardner et al., 2007a). Along
with being aﬀected by habitat alteration/loss, parasite and infectious dis-
ease have been central to threats on amphibian populations. Pathogen
pollution or the introduction of pathogens into new areas is an increasing
threat to global biodiversity and in 2001, the National Research Council
listed it as one of the eight most urgent environmental issues (Johnson
& Chase, 2004). This phenomenon has been greatly increased due to the
increased mobility of humans, which leads to the translocation of wildlife,
soil, ballast water and plants (Daszak et al., 1999). Furthermore, the par-
asite prevalence, intensity and distribution can be aﬀected by the overall
habitat, a topic area that has had little attention over the years despite a
rapidly changing world (Koprivnikar et al., 2012).
Global distribution of amphibians show a higher number of species
found in tropical Asia compared to tropical North America (Duellman,
1999). In the Old World tropics, the most specious families include
Ranidae followed by Microhylidae, Rhacophoridae, Hyperolidae, Hylidae
and Myobatrachidae, with a combined number of ∼1, 767 known and de-
scribed species (Hero et al., 2003). Although there is mounting evidence
for the decline of amphibian populations around the world, there are cer-
tain areas, particularly around South East Asia, where even the species
list of amphibians have not been fully compiled. There is a skewed distri-
bution of amphibian researchers, with a higher proportion found in North
America, Australia and Europe (Gardner, 2001). Such distributions have
led to a research bias on the knowledge of certain species ecological prefer-
ences. This is extremely unfortunate, as the species richness of amphibians
tend to be highest in humid ecoregions such as those found near the equa-
tor (Gallant et al., 2007). Amphibians are known to have an impact on
both natural ecosystems and human welfare (Gardner, 2001; Vallan, 2002).
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Due to their complex life-cycle, most amphibians will have an eﬀect on
both the terrestrial and aquatic environment during their lifetime (Vallan,
2002). They are thought to be an essential part of many ecosystems, con-
tributing significantly to the vertebrate biomass (Gardner, 2001; Vallan,
2002). In both temperate and tropical ecosystems, amphibians play a cru-
cial role in trophic dynamics, acting as both the predator and prey species
(Gardner, 2001; Vallan, 2002); maintaining invertebrate abundance and
providing nourishment for higher order predators (Gardner, 2001). Thus,
their decline could potentially have a detrimental eﬀect on ecosystems, es-
pecially in the tropics, where amphibian biodiversity is exceptionally high.
To date, there has been only one other study looking into the impact of
oil palm on amphibian diversity (Gillespie et al., 2012). The presence of
such studies helps to improve our understanding of habitat alteration and
amphibians in Southeast Asia, however, it only provides a basic and broad
comparison between habitat types. Although general comparisons are in-
deed, valuable, this thesis will highlight how, such methodologies can be
misleading, and in terms of amphibians in Malaysia, cannot be general-
ized across the country. In addition, more detailed information is needed
above species richness and composition if we are to improve on the way
we manage habitats across Malaysia.
1.1.1 Thesis aims
The aim of this research project has therefore been to try and increase
the knowledge base surrounding oil palm plantation and amphibians in
Malaysia. By identifying if the negative relationship between this type of
commodity and amphibian diversity is consistent with all other biodiver-
sity studies done in the past decade. To investigate the variables associ-
ated with conversion at diﬀerent levels; forest versus plantation, stream
versus terrestrial and finally, the location of species A versus the location
of species B. Additionally, to study the typical behaviour of species found
in this type of altered habitat and identify their breeding requirements.
Finally, to touch on host-parasite patterns and investigate the diﬀerences
between two habitat types.
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1.1.2 Synopsis of the method and possible limitations
Four works will be examined, data of which were collected from two sec-
ondary forest sites and three plantation sites. It is beyond the scope of
this study to provide primary forest data in this study. The majority of
Malaysia’s forest is not primary and a considerable amount of secondary
forests are likely candidates for conversion into oil palm plantations (FAO,
1998; Koh & Wilcove, 2008; Gillespie et al., 2012). Even though secondary
forests may not support as many species as primary forests, such habitats
are still more complex compared to monocultures with a higher amount of
species (Aratrakorn et al., 2006; Fitzherbert et al., 2008; Gardner et al.,
2007b; Vallan, 2002; Edwards et al., 2010). Undisturbed or primary forests
that remain in Malaysia are typically at high latitudes, on karst outcrops
or already protected as forest reserves. These would be unsuitable for plan-
tation conversion (Struebig et al., 2009), and for certain isolated outcrops,
generally unsuitable for amphibians (Gillespie et al., 2012). In addition to
this, the European Commission has plans to ban the import of fuel crops
that are planted on certain landscapes, including primary tropical forests
(Koh & Wilcove, 2008).
Due to practical constraints, temporal comparisons could not be made
(i.e.before and after conversion). Newly converted plantations are rare
within Peninsular Malaysia as the area available for conversion has reached
saturation (Koh & Wilcove, 2008). Plans for expansion within Malaysia
is typically restricted to Sabah and Sarawak, of which large experimental
studies are already underway. I chose to focus on plantations erected be-
fore any sustainability schemes were put in place, as these plantations are
still within areas of high biodiversity and should not be left unmanaged.
Furthermore, these plantations will still need the backing of NGOs and
programmes like RSPO in order to maintain its trading with international
companies and alleviate pressures from environmental bodies. By study-
ing the patterns of mature plantations, we will be able to figure out ways
of improving these plantations for increased amphibian diversity.
Another potential problem is the lack of detail in the parasitic nema-
tode data as taxonomic identification could only be done to genus level.
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Nematode species are notoriously diﬃcult to identify at the best of times,
and males are typically needed for this process to even occur. Males, how-
ever, were extremely rare in our sample, therefore, the females were used
to identify the genus found in each host.
1.1.3 Thesis organisation
The overall structure of this study is assembled into six chapters: four
data chapters, one introductory chapter and finally, the overall conclu-
sions. The data chapters, i.e. the meat of this thesis, takes the form of
typical journal papers. The reasoning for composing these chapters as
such is mainly to make it easier for the reader to follow the themes and
aims outlined for each chapter. Chapter 2 is basically a platform for the
whole thesis as it introduces the study area and general survey method-
ology. In the same chapter I investigate the impact of this commodity on
amphibian diversity, abundance and community composition. I compare
each biodiversity metric among habitat types and also among diﬀerent
macrohabitats (stream, riparian and terrestrial). The chapter also em-
phasizes the importance of using appropriate methodology when trying to
identify responses to habitat alteration in monitoring studies. The rest of
the data chapters follow on from the results of Chapter 2. Chapter 3 aims
to test the disturbance-generalist paradigm of amphibian species in plan-
tation sites, specifically in the context of breeding site choice of temporary
pool breeders. Here, I initially compare the structure and proportion of
pools used, along with identifying tadpole feeding guilds among habitats.
Chapter 4 compares structural heterogeneity between habitat types. I also
evaluate microhabitat associations and partitioning of abundant species
found in plantation compared to those in forest sites. The final data
chapter, Chapter 5, takes a rather diﬀerent turn, as I go into the world
of host-parasite patterns. The overall theme is the same; evaluating the
eﬀects of habitat alteration, however, here, I compare parasite prevalence,
intensity, frequency distribution and diversity between amphibian hosts
found in the two habitats. I focused on both micro- and macroparasites
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known to infect amphibians. The final chapter draws upon the entire the-
sis, tying up the various results and conclusions made throughout the four
data chapters with possible directions for future research and applications
towards plantation management.
Chapter 2
The impact of oil palm plantations
on species diversity of tropical
amphibians
2.1 Introduction
Biodiversity loss is most commonly attributed to habitat loss and alter-
ation (Stuart et al., 2004; Todd & Rothermel, 2006). The rise in global
demand for agricultural commodities is a major driver of habitat modi-
fication, and the amount of land committed to cropland is predicted to
expand substantially in the next four decades (Wanger et al., 2009). A
large component of this involves conversion to oil palm plantations, much
of which has occurred in Southeast Asia (Koh, 2007). Oil palm has come
to dominate this landscape, predominantly in Malaysia and Indonesia,
and has steadily replaced other crops in these two countries due to its low
maintenance requirements and high yield per unit area (Donald, 2004;
Koh & Wilcove, 2008; Danielsen et al., 2009). Suggestions have been put
forward to discourage the planting of oil palm on primary and secondary
forests and restrict it to cleared grasslands and other agricultural fields
(Koh & Wilcove, 2008). Although large areas of old growth or low level
disturbance forests have been gazetted and should be protected from large
scale conversions, smaller areas of secondary forest remain unprotected
and possibly under threat from future conversions. Koh and Wilcove
(2008) reported that between 1990-2005, 55%-59% of oil palm expansion
was at the expense of secondary forest. Secondary forests in Malaysia,
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while not as diverse as old growth forests, still retain significant biodiver-
sity and may contain unique assemblages when compared to monoculture
plantations (Chazdon et al., 2009).
Oil palm has been consistently associated with reductions in species
richness, species diversity and shifts in community composition (beetles:
Chung et al. 2000; reptiles: Glor et al. 2001; birds: Koh & Wilcove 2008;
ants: Bru¨hl & Eltz 2010) but to date there has been one study examining
amphibian communities in oil palm plantations in Borneo (Gillespie et al.,
2012). The World Conservation Union (IUCN) Red List reports 41% of
6300+ described, extant amphibian species are at increased risk of extinc-
tion (IUCN: www.iucn.org), making the Amphibia the most threatened
vertebrate class assessed to date. Pollution, over-harvesting and infec-
tious diseases are all known contributors to the global amphibian decline,
but habitat alteration consistently ranks as the most important threat-
ening process. Southeast Asia is classified as an amphibian biodiversity
hotspot, yet amphibian studies in this region are rare (Sodhi et al., 2007,
2008). With 82% of global amphibian species largely forest-dependent,
a pattern reflected in Southeast Asia, even slight alterations of forested
landscapes have the potential to aﬀect a large proportion of tropical am-
phibians (Ernst & Ro¨del, 2005).
The eﬀects of habitat loss and alteration on amphibian biodiversity
have been documented elsewhere, and amphibian responses are inconsis-
tent (Hecnar & M’Closkey, 1997; Pearman, 1997; Gibbs, 1998; Parris,
2004). Alteration can make habitats unsuitable for amphibian reproduc-
tion and survival, as described in Australia, where conversion of Eucalyptus
forest to pine monoculture reduced the number of detected frog species
fourfold (Parris, 2004). However, in some cases altered habitats may still
support a significant subset of the original amphibian community and re-
tained species can utilize both pre- and post-conversion habitats (Gibbs,
1998). Amphibian species that are able to tolerate disturbed environ-
ments often have flexible breeding habitat requirements and high fecun-
dity (Williams & Hero, 1998), so the eﬀect of conversion on abundance,
but not richness, has the potential to be reduced over time.
When habitat is rendered unsuitable for the original community, it
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may still be colonized by previously rare or undetected species that have
the ability to utilize the altered landscape. A decline in species richness
and abundance evident soon after conversion may eventually be masked,
given suﬃcient time and availability of species that can exploit the new,
disturbed habitat. However, species diversity should exhibit strong corre-
lations with habitat variables in both landscapes. This pattern has been
observed in North America where the introduction of fish led to the loss of
smaller, palatable amphibians native to the site and colonisation by larger,
unpalatable amphibians (Hecnar & M’Closkey, 1997). Last, habitat alter-
ation may result in some combination of the second and third outcomes,
where a subset of the existing amphibian community persists in the altered
habitat but new species colonize newly created niche space. Given time,
little or no reduction in species richness or abundance would be detected,
again due to colonization by disturbance-tolerant species. However species
correlations with altered habitat variables would be inconsistent.
In this study I used a combination of species detection surveys, abun-
dance counts and associated analytical approaches to describe abundance,
species richness and community composition of amphibians sampled in oil
palm plantations (established > 30 years ago) and secondary forest (pre-
viously logged > 50 years ago, intact forest with low level tribal hunting
and extractive disturbance) located on peninsular Malaysia. By utilizing
multiple methods, I avoided dependence on single indices, which cannot
distinguish between the range of potential responses that an amphibian
community may have to forest conversion. Based on previous studies of
the eﬀects of agricultural landscapes on amphibian biodiversity (Gardner
et al., 2007b; Wanger et al., 2009), I predicted that oil palm will support
decreased amphibian diversity, and be dominated by an amphibian com-
munity better suited to thrive in the disturbed monoculture that oil palm
represents. Our results clarify what methodologies are best for comparing
amphibian populations in oil palm monitoring programmes and provide
guidance for the development of oil palm mitigation schemes.
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2.2 Material and methods
Study sites and field methodology
The study was conducted in the district of Temerloh within the state of Pa-
hang, Peninsular Malaysia (3◦40’N, 102◦10’E). This state has the largest
remaining forest cover, forest reserves and protected area within Penin-
sular Malaysia (Perhilitan, 2001). However, deforested landscapes due to
increased urbanisation and the expansion of oil palm and other planta-
tions now covers 43% of the state (Struebig et al., 2009, Fig. 2.1). Two
periods of maximum precipitation occur between September and Decem-
ber and between March and May, and temperature is also highly seasonal
(Struebig et al., 2009). Because temperature and rainfall patterns aﬀect
amphibian activity and detectability (Pellet & Schmidt, 2005) I surveyed
at the same time each year, after the spring wet season. I also collected
data on rainfall and temperature to confirm their consistency. I used rain
gauges to measure rainfall and hand-held thermometers to measure night
time temperature each night before I surveyed plots for amphibians.
I sampled a total of 57 plots (30m X 2m) (stream, riparian and ter-
restrial) split unevenly among two forest and four plantation sites (Fig.
2.2). I marked one stream at each site with flagging tape every 10m up
to 400m or until the stream became dry. Start points for 30m stream sur-
vey plots were selected randomly from among the 10m lengths. Stream
plots included 1 m of stream bank and the entire width of the stream.
Start points for the riparian and terrestrial survey plots were also ran-
domly selected from the 10m lengths marked on the stream, positioned
perpendicular and running parallel to the direction of stream flow, but
not overlapping with the stream plots or each other. Riparian plots were
2m wide and started 1m from the stream, while terrestrial plots were of
the same width but located a minimum of 10m from the stream. All sites
were visited weekly in a random order to standardize the eﬀect of temporal
variability of amphibian presence and density on analyses.
Each plot was actively searched for amphibians 7 times between May
and July in 2009 (2009: total time spent on survey = 3568 minutes), and
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Figure 2.1: Location of study sites in the Temerloh district. The insert is a
map of Peninsular Malaysia with the location of Pahang boxed. Shaded areas
represent forested areas and white areas consist of a plantation mosaic (oil
palm, rubber, fruit and Acacia spp.), according to the Malaysian Ministry of
Agriculture maps. Squares represent survey sites within the forested area. Solid
circles represent survey sites within plantations.
4 times between May and June in 2010 (2010: total survey = 2195 min-
utes). I used direct visual searches to find stream dwelling and arboreal
amphibian species but to find amphibians in riparian and terrestrial plots
I used visual and disturbance searches and displaced leaf litter, logs and
rocks. When possible, individual frogs were captured and photographed
for later confirmation of species identification. Each individual was re-
leased at point of capture at the end of each plot survey. Any that were
not captured but were clearly identifiable to species were included in the
data set.
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Figure 2.2: A schematic representation of the sampling design. Forest and oil
palm are ’habitat type’. Bukit Rengit, Kuala Lompat, Sungai Mai, Sungai
Mai2, Kerdau and Lanchang are ’sites’. Terrestrial, riparian and stream are
’plots’.
Prior to each plot survey I collected a series of macrohabitat measure-
ments. Care was taken to ensure sampling for environmental variables did
not disturb amphibians either into or out of survey plots and I did not
observe any evidence of such short-term movement associated with the col-
lection of environmental variables. I estimated percent canopy cover, soil
pH, percent leaf litter cover, leaf litter depth and weight, percent under-
growth vegetation cover, number of trees (<50cm and ≥ 50cm diameter
at breast height) and logs (<50cm and ≥ 50cm maximum diameter) for
all riparian and terrestrial plots. I estimated canopy cover from digital
photographs of the canopy taken with a Nikon D40 SLR camera at the
beginning, middle and end of the plot (Nikon 10.5mm f/2.8 DX fisheye
lens) using ImageJ (Rasband, 2011). I set a minimum threshold value of
100 and pixels that exceeded this value were taken to represent canopy
cover (black pixels). I averaged the percentage of black pixels across the
three points to estimate canopy cover for each plot. Similarly, I measured
soil pH, estimated leaf litter characteristics and percent undergrowth veg-
etation using the same 3 point sampling system (beginning, middle and
end) within each plot and averaged measurements per plot. Leaf litter
cover was estimated in 1m X 1m quadrats, while undergrowth vegetation
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cover was estimated in 2m X 2m quadrats. Both were estimated visually
and I recorded what percent each variable covered within the 1m X 1m
and 2m X 2m quadrat. I estimated leaf litter depth 3 times at each of the
3 points. Leaf litter from every 1m x 1m quadrat was collected and its wet
weight measured in the field. Macrohabitat measurements were repeated
for each sampling year.
Within each stream plot, I estimated the mean width (average of max-
imum and minimum length) and maximum depth of the wetted channel.
Density of vegetation up to 1m from the wetted channel was estimated
based on the method proposed by Keller et al. (2009), where the apex
of individual plants was categorized into one of three height categories
(0m-10m, 11m-100m and 101m-200m). The same 3 point sampling sys-
tem was used from the riparian and terrestrial plot survey to obtain water
pH, dissolved oxygen (DO) content, conductivity and total dissolved solids
(TDS) using a multivariable-YSI kit (YSI Incorporated, USA). Percent of
each substrate type was estimated using a 2m X 2m plot using the same
3 point sampling system. Apart from detritus (dead, floating vegetation)
and sand, substrate types were assumed to be rounded in shape and clas-
sified based on their estimated diameters: gravel (≥ 10mm, <30mm),
pebbles (≥ 30mm, <60mm), cobble (≥ 60mm, <200mm) and boulders
(≥ 200mm).
Data analysis
The average nightly temperature and weekly rainfall were compared be-
tween habitat types and per year using a Pairwise Wilcoxon test. I iden-
tified diﬀerences in frog abundance between habitat and plot types using
generalized linear models (GLMs) with Poisson errors in R statistical soft-
ware (R Developmental Team, 2012). I detected over-dispersion while fit-
ting the Poisson GLM of the abundance data and subsequently corrected
the standard errors using a quasi-GLM model, where the variance is a
product of the mean and dispersion parameter. Model simplification and
testing were done by deletion of terms and comparing changes in deviance
using F- tests (Zuur et al., 2009).
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Missed or undetected species are universal problems in biodiversity
studies due to imperfect detection probabilities (Pollock et al., 2002; Pellet
& Schmidt, 2005). In order to account for this, I used the Species Predic-
tion and Diversity Estimation programme (Chao & Shen, 2010, SPADE)
to estimate species richness. I used Abundance-Based Estimates [ACE]
to compare species richness between habitat types and plot types (Chao
& Lee, 1992; Chao, 2005). The total dataset was initially split into two
groups, ”rare” and ”abundant”, using the default cut-oﬀ point (10 indi-
viduals) to diﬀerentiate between them for the initial analysis. I did this
because SPADE only uses the frequency statistics of rare species to es-
timate number of undetected species: abundant species are detected too
frequently to provide information on missing species (Chao & Shen, 2003).
My calculation for missing species was based on the original proposal by
Turing (Chao & Shen, 2003), where the proportion of known singletons
(species only found once) is the same as the fraction of unrepresented
species in the sample. This estimator for missed species (C) is then added
into the estimator for the total number of species.
Chao and Shen (2010) recommend the use of the default cut-oﬀ point
if the ACE value is larger than the Chao1 estimate. The results from our
initial analysis indicated that the ACE value was indeed higher than the
Chao1 estimate for all my samples (see Results), therefore 10 was retained
for subsequent analysis. Because the greater the value of the coeﬃcient of
variation (CV) for rare species the more heterogeneous the sample, models
based on homogenous distributions (ACE) can significantly underestimate
the species richness of a site. I classified samples with CVs greater than
0.8 as highly heterogenous and used ACE-1 as an alternative measure of
species richness for those sites (Chao & Shen, 2010).
Community composition data were transformed into a distance ma-
trix using Bray-Curtis as a distance measure to illustrate habitat-specific
amphibian community assemblages and associated macrohabitat charac-
teristics Keller et al. (2009). I pooled data from both years and used a non-
metric multidimensional scaling analysis using PC-ORD version 5 (MjM
Software, Oregon, USA). Data were separated by plot type for analyses,
and outputs grouped species into assemblages representing co-occurring
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species associated with given axes. 250 iterations and 250 runs of real
and randomized data were generated to produce the final ordination of
minimum stress, and the best fit for all three plot types. P-values were
not used to interpret environmental diﬀerences among habitat types as or-
dination scores violate the assumptions of independence. Instead, I used
correlation coeﬃcients between each site and their corresponding axes to
evaluate relationships between individual variables and ordination axes.
These correlation coeﬃcients express the rank (tau) and linear (r) rela-
tionships between the variables and ordination scores. Strong correlations
(positive or negative) are represented as vectors on the ordination plots.
Variables and species with r2 values or tau numbers greater than 0.4 or
less than -0.4 were considered to be, respectively, positively or negatively
correlated.
I used a variant of the traditional multivariate analysis of variance
(MANOVA), known as permutation-based multivariate analysis of vari-
ance (PerMANOVA) developed by Anderson (2001) to test the hypothesis
of no diﬀerence between community composition between forest and plan-
tation sites. In contrast to traditional MANOVA, PerMANOVA has the
advantage of not requiring distributional assumptions such as normality
and homogeneity of variance, which is rarely met in ecological community
data. The same distance matrix used for the ordination was used for anal-
ysis, comparing community composition between overall habitat types and
between sites within the same habitat type. PerMANOVA was done us-
ing the adonis function in R (R Developmental Team, 2012, vegan). This
method partitions sums of squares of multivariate data sets and allows
for the use of non-euclidean distance measures. The pseudo F ratios from
PerMANOVA calculations were obtained without calculating the central
location of groups (centroid). This is important as the centroid does not
necessarily represent the central tendency in a non-euclidean space (Mc-
Cune et al., 2002). A total of 1000 permutations of raw data were used to
obtain p- values.
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2.3 Results
Mean nightly temperature did not diﬀer significantly among habitat types
in either year (Pairwise Wilcoxon test 2009: W=121, p =0.383; 2010:
W= 162, p = 0.098) except for forest sites which were moderately warmer
in 2010 (Pairwise Wilcoxon test: W=67.5, p = 0.026). Mean nightly
rainfall also did not diﬀer significantly among habitat types in either year
(Pairwise Wilcoxon test 2009: W=1176, p = 0.6; 2010: W= 1486, p =
0.835).
Amphibian abundance did not diﬀer significantly between habitat
types (GLM; F(45,44) = 0.752, p = 0.391), with mean abundance between
two habitat types similar overall (forest =10.4 [95% CI 3.16, n=20]; plan-
tation = 18.8 [95% CI 8.19, n=26]. When plot type (stream, riparian and
terrestrial) was added to our explanatory variables, I found a significant
interaction between plot type and habitat type (GLM; F(40,42) = 3.45, p =
0.04). Mean abundances of amphibians in plantation streams were lower
compared to forest streams, while mean abundance was greater in plan-
tation terrestrial plots compared to their counterpart in secondary forest
(Fig. 2.3a).
Species richness did not vary significantly among habitat type (ACE,
forest: 22.2 [95% CI 0.613, n=20]; plantation: 22.4 [95% CI 0.829, n=26])
and the coeﬃcient variation (CV) was not large enough to deem the two
habitats as heterogeneous. When the data was broken down into plot
types, the 95% confidence intervals of estimates of species richness over-
lapped among diﬀerent plot types across habitat types, indicating a lack
of clear diﬀerence (Fig. 2.3b).
NMDS axes cumulatively accounted for 75% of the overall variation in
community composition in stream plots (minimum stress = 11.5), 78% in
riparian plots (minimum stress = 13.9) and 65% in terrestrial plots (mini-
mum stress = 17.6). Both axes for the stream plot ordination contributed
equivalently to variation, while NMDS Axis 2 accounted for the major-
ity of the variation in both riparian and terrestrial plots (Fig. 2.4-2.6).
Axis 1 of the NMDS ordination for stream plotsrepresented a gradient of
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decreasing canopy closure and increasing values of water quality measure-
ments (pH, total dissolved solids, conductivity and temperature). Streams
in plantation sites had higher conductivity, water temperature, greater
amounts of total dissolved solids and higher pH than those in forested
sites. There were no strong associations with any of the measured habitat
variables among forest plots. However, the two diﬀerent forest sites were
separated along the 2nd axis, representing the percentage of cobble (r-
squared= 0.505, tau = -0.483) and dissolved oxygen content in the water
(r-squared= 0.501, tau = -0.473) (Fig. 2.4).
Although the species richness was similar between forests and planta-
tions, the community composition was strikingly diﬀerent between the two
habitat types (PerMANOVA, Pseudo − F(1,14) = 5.94, p <0.01). For ex-
ample, Hylarana erythrea and Fejervarya nicobariensis were both strongly
associated with plantation streams, while Phrynoidis aspera and Odorana
hosii were predominantly found at forest streams. There was a weaker,
but still significant diﬀerence between forest streams (Pseudo − F(1,6) =
11.5, p = 0.028): Hylarana labialis were more abundant in Kuala Lompat
streams than in Bukit Rengit streams (Fig. 2.4).
NMDS 2 represented a gradient of increasing number of canopy clo-
sure and woody debris (small logs, percentage of leaf litter and leaf litter
weight) in riparian plots. Forest plots had increased values for all these
variables, while plantation plots exhibited decreased amounts of woody
debris and decreased canopy closure and these diﬀerences were signif-
icant (PerMANOVA: Pseudo − F(1,10) = 6.11, p = 0.002): Fejervarya
cancrivora and Fejervarya limnocharis were the most abundant species in
plantations, while abundant forest species included Hylarana labialis and
Hylarana glandulosa (Fig. 2.5). In contrast to stream plots, riparian plots
were not diﬀerent amongst forest sites (Pseudo−F(1,4) = 4.51, p = 0.092),
however, riparian plots in plantation sites were (Pseudo−F(2,6) = 2.32, p
= 0.022). Specifically, Sungai Mai sites were separated from the other two
plantation sites (Pseudo−F(1,7) = 2.91, p = 0.015) and the abundance of
Kaloula pulchra and Duttaphrynus melanostictus were greater at Sungai
Mai.
Terrestrial plots in forest also exhibited increased canopy cover and leaf
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litter with respect to oil palm, but also increased density of both small and
large trees. Abundant species found in plantation terrestrial plots were
Fejervarya limnocharis, a species also found in abundance in riparian plots
and the rhacophorid Polypedates leucomystax (Fig. 2.6). Again, these
diﬀerences were significant between habitats (PerMANOVA, Pseudo −
F(1,10) = 3.62, p = 0.001), but not within habitats (forest: Pseudo−F(1,4)
= 2.15, p = 0.099, plantation: Pseudo − F(1,4) = 1.11, p = 0.494). I
only found one species (Microhyla butlerii) present in both plantation and
forest and only in terrestrial plots.
2.4 Discussion
As human-altered habitats become dominant, informative studies to aid
conservation schemes, including habitat management, are urgently re-
quired. The importance of oil palm as a source of revenue in countries
like Malaysia means that plantations will be a persistent part of that
landscape and must be included in local conservation planning. The in-
tense agricultural practices associated with oil palm are linked to radical
loss of biodiversity in a wide spectrum of animal taxa (Chung et al., 2000;
Glor et al., 2001; Koh & Wilcove, 2008; Bru¨hl & Eltz, 2010). It is pos-
sible that some species within a taxa may not respond so directly when
forests are converted to oil palm and for these species, managed oil palm
could sustain them to some degree. The inconsistent responses of cer-
tain amphibian species from North American and Australian to serious
habitat alteration suggest that these species may be good candidates for
investigating the potential of oil palm as a habitat.
To do so, the use of appropriate methodology is vitally important.
Many authors have commented on the problems of decreased detection
probability and false negatives influencing monitoring studies (Dodd JR
& Dorazio, 2004; MacKenzie & Royle, 2005; Royle, 2006). This is cer-
tainly the case for amphibians, which are small and cryptic (Sewell et al.,
2010; Schmidt, 2003). Even with extensively repeated sampling, individu-
als and even species can be missed, which may go some way to explaining
the reduced abundance of frogs detected at non-stream sites in secondary
2.4. DISCUSSION 43
forests. In contrast to other surveys based in Malaysia, I failed to detect
any Rhacophoridae species in our forest sites, but did detect microhylids
(Gillespie et al., 2012; Onn et al., 2010). This does not imply that rha-
cophorids are not present in our area, as species such as Nyctilus pictus
and Rhacophorus appendiculatis are known to occur. Nor does it mean
that microhylids are absent in others, as tropical leaf litter frogs are noto-
riously diﬃcult to detect, even with extensive surveys (Veith et al., 2004)
and forest floors are far more complex than oil palm plantation floors.
Nevertheless, labour-intensive surveys can be impractical for wildlife mon-
itoring, abundance only provides one metric of biodiversity and intensive
surveys may actual distort estimates of abundance (Ke´ry et al., 2009).
The use of techniques that provide an estimate of the proportion of missed
species, such as SPADE, may be better suited to cases where rapid, but
still meaningful comparisons of biodiversity metrics like species richness
are appropriate. I suggest that future studies investigating how habitat
alteration aﬀects Malaysian amphibians should avoid count statistics that
fail to take missed species into account and should design future monitor-
ing schemes to measure amphibian community composition.
Scenarios outlined in the introduction involve diﬀerences in amphibian
abundance, species richness, community composition and species/habitat
associations that cannot be compared using single estimators. Further-
more, surveys designed to measure diﬀerences at a gross habitat scale
may not be suitable for detecting diﬀerences at the sub-habitat level, nor
be eﬀective at linking diﬀerences to specific habitat features. All of these
points are illustrated by our study. I found comparable species richness
and abundance in oil palm and secondary forest, yet abundance varied
significantly at finer habitat scales: for example, abundance was impover-
ished in plantation streams when compared to forest streams. Moreover,
the congruence in abundance and richness between habitats did not reflect
the stark diﬀerence in amphibian community structure. Oil palm planta-
tions were dominated by species documented to be disturbance-tolerant
(Gillespie et al., 2012; Wu et al., 2006; Sheridan, 2003) and the oil palm
community exhibited little, if any, overlap with the communities described
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for secondary forests, with only one species (Microhyla butlerii) found in-
habiting both habitats. This diﬀers from the recent study by Gillespie and
colleagues (2012), who failed to detect any microhylid species in oil palm
plantation sites. This disparity between studies may be due to study lo-
cation, as the common microhylid species found in oil palm plantations in
Peninsular Malaysia (Microhyla heymonsi and Microhyla butlerii) are not
included in Bornean checklists (Sheridan et al., 2012; Inger & Lian, 1996).
The relative abundance of microhylid species in Peninsular Malaysian oil
palm contributed to the comparable species richness and abundance esti-
mates among habitat types. By contrast, Gillespie and colleagues (Gille-
spie et al., 2012) found that species richness estimates were lower in oil
palm plantations than in secondary forest in Borneo. This diﬀerence be-
tween the two studies suggests that the impact of oil palm conversion on
amphibian communities may not be generalized across Southeast Asian
habitats.
My results support the third scenario outlined in the introduction,
where habitat conversion eliminates the existing amphibian community
but enables the colonization of disturbed habitat by species that can pros-
per in the newly created niche space. The ubiquity of these species across
Malaysia (http://amphibia.my/index.php) and other parts of South East
Asia indicates that the substantial amphibian biodiversity in oil palm
represents a community of little conservation value, if the presence of en-
demic, forest species is the yardstick of ”conservation value”. Notably,
though, amphibian community structure in plantations still had the ca-
pacity to vary in the riparian zones, while not in the forest. If community
unpredictability is considered one measure of biodiversity, the riparian of
oil palm is variable in a manner similar to streams located in secondary
forests that, overall, appear to have greater conservation value.
In oil palm, variation in some habitat characteristics appears homog-
enized (e.g., forest structure, simplified stream substrate, and decreased
availability of leaf litter and woody debris) or altered in a manner that
should directly influence air and water temperature (opened canopy). The
plantations I surveyed were converted to oil palm before the establishment
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of riparian zone legislation, which now requires plantation owners to main-
tain a riparian vegetation strip along streams. The lack of deep-rooted
riparian vegetation means that plantation streams are more straight-sided
and due to high rates of sedimentation, are prone to flooding events. Plan-
tation owners rely on mechanical dredging to relieve water pressure during
the rainy season (A. Faruk, pers. obs.), which removes larger stream sub-
strate and vegetation matter that is deposited in the stream. This extreme
disturbance regime may explain reduced frog abundance at plantation
streams and why the species that are detected are disturbance specialists.
There are a number of land-management practices put in place to cope
with the eﬀects land changes have on local biodiversity, including undis-
turbed wildlife strips along farms, riparian buﬀers, pond constructions
and tunnels under roads for migrating amphibians (Woltz et al., 2008;
Perry et al., 2011; Garcia-Gonzalez & Garcia-Vazquez, 2010). Based on
this study, plantation streams should be a target for future management,
through the maintenance of stream complexity and riparian buﬀers. At the
very least, given the reduction in frog abundance in plantations streams,
it would seem prudent to ascertain in the future if plantations with ri-
parian buﬀer zones harbour greater numbers of frogs, or support more
forest-associated species.
It is uncertain how the riparian and terrestrial areas of oil palm may
be managed for meaningful amphibian biodiversity. Oil palm harvest-
ing practices require frequent disturbance and plantations are planted as
monocultures and I can see little chance of manipulating these practices in
a way that would encourage forest-specialist amphibians to utilize oil palm.
Ultimately, even if plantation stream management proves to be successful,
management of oil palm must still be accompanied with the maintenance
of forest reserves to ensure amphibian conservation in Malaysia.
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Figure 2.3: Barchart of mean abundance counts and estimated specie richness of
amphibians in forest and plantation. Figure 3(a) is the mean frog abundance in
forest and plantation habitats averaged across years for each plot type (stream,
riparian and terrestrial). Figure 3(b) Estimated species richness in forest and
plantation across diﬀerent plot types (stream, riparian and terrestrial plots)
averaged over the two years. Data pooled for all sampling plots. Estimates
are based on calculations made using the Abundance-based Estimates (ACE).
Solid lines in each figure represent one standard error.
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Figure 2.4: Non-metric Multidimensional Scaling (NMDS) of amphibian as-
semblages in stream plots in forest (BR and KL) and plantations (SM, LAN
and KER) for both years. Triangles represent sites and the distance on the
ordination reflects dissimilarities in amphibian species composition based on
Bray-Curtis coeﬃcients. Filled squares represent species found only in forest
sites, filled circles represent species only found in plantations and filled star
represent species found in both forest and plantation; refer to Table A.1 for
full species names and its corresponding abbreviations. Vector loadings are
macrohabitat variables with strong associations (see text): canopy = % canopy
cover, Conductivity (S/m), Temperature (degrees Celcius), Cobble= % cobble
on river bed, oxygen = dissolved oxygen content (ppm), TDS= Total dissolved
solids (ppm), pH = water pH.
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Figure 2.5: Non-metric Multidimensional Scaling (NMDS) of amphibian as-
semblages in riparian plots in forest (BR and KL) and plantations (SM, LAN
and KER) for both years. Triangles represent sites and the distance on the
ordination reflects dissimilarities in amphibian species composition based on
Bray-Curtis coeﬃcients. Filled squares represent species found only in forest
sites, filled circles represent species only found in plantations and filled star
represent species found in both forest and plantation; refer to Table A.1 for full
species names and its corresponding abbreviations. Vector loadings are macro-
habitat variables with strong associations (see text): log<50m = amount of
small logs, litter = % leaf litter, canopy = % canopy cover, leaf wgt = weight
diﬀerence between wet and dry leaf litter (g).
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Figure 2.6: Non-metric Multidimensional Scaling (NMDS) of amphibian as-
semblages in terrestrial plots in forest (BR and KL) and plantations (SM, LAN
and KER) for both years. Triangles represent sites and the distance on the
ordination reflects dissimilarities in amphibian species composition based on
Bray-Curtis coeﬃcients. Filled squares represent species found only in forest
sites, filled circles represent species only found in plantations and filled star
represent species found in both forest and plantation; refer to Table A.1 for full
species names and its corresponding abbreviations. Vector loadings are macro-
habitat variables with strong associations (see text): canopy = % canopy cover,
tree>50m = number of large trees, tree<50m = number of small trees, leaf wgt
= weight diﬀerence between wet and dry leaf litter (g)) with length and angle
reflecting the strength and direction of association.
Chapter 3
Suitability of temporary pools in oil
palm plantations for breeding
amphibians
3.1 Introduction
The rapid rise in the human population has led to a rise in food de-
mands, which inevitably results in a growing conflict between agriculture
and biodiversity. This is because conversion of natural forested habitats
to agriculture has been shown to decrease biodiversity (Koh & Wilcove,
2008). It was estimated that 55% of agricultural land created between
1980 and 2000 came at the expense of intact tropical forests (Gibbs et al.,
2010) and in much of Southeast Asia, agricultural landscapes are rapidly
becoming a dominant feature (Sheridan, 2009). In addition to species
loss and decreased abundance, changes in the overall landscape have also
resulted in shifts in local community composition. Survey studies look-
ing into these altered habitats consistently find that the dominant faunal
community is similar to those in other disturbed habitats (Levin et al.,
2006; Faruk et al., in press).
The observed relationships between habitat alteration and community
structure should, at least in part, relate to individual species habitat re-
quirements and their degree of habitat specialization. Some authors have
described what could be a general relationship between habitat special-
ization and habitat disturbance, with more specialized species tending to
inhabit less disturbed landscapes (Devictor et al., 2009). As specialist
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species require specific habitats for successful growth and reproduction,
they should be found more consistently, in greater numbers, and breed-
ing more reliably in the optimal habitat (Duellman & Trueb, 1994; Wells,
2007). In contrast, generalist species are detected across a range of habi-
tats and should, by definition, exhibit relatively consistent fitness across
this range. The term specialist and generalist, as outlined here, are, how-
ever, trait dependent. Certain species can exhibit specialized foraging
behaviour but adopt generalist strategies when selecting breeding sites
or mates (Bernays, 1998), or vice versa (Thompson & Pellmyr, 1991).
Accordingly, species that may be able to tolerate extreme environmental
conditions associated with a converted habitat may not strictly be gener-
alist. Strong associations with components of the altered habitat would
result in these species exhibiting increased fitness despite some degree of
specialization and habitat alteration. Distinct communities between agri-
cultural and undisturbed habitats (Gardner et al., 2007b; Bru¨hl & Eltz,
2010), may also indicate that species in disturbed areas are specialized
within the altered ecosystem.
Determining if a particular species is a specialist is far from straightfor-
ward. This is exacerbated when trying to identify specialism in amphib-
ians, because they exhibit diﬀerent degrees of ecological tolerance between
species (Toft, 1981; Schiesari et al., 2003; Wu & Kam, 2009). Species with
complex life histories, however, have two distinct stages and either one
or both can exhibit specialization. For example, adults of a species can
show specialization to a particular habitat, but the tadpoles may be able
to utilize a range of water bodies. As a result, the tadpoles location is
a consequence of the adults specialization. However, tadpoles can show
specialization within its current environment; in the water body. Thus,
being specialized is trait-dependent and may be specific to the life stage of
each species. Therefore, as well as having one being a specialist over the
other, it is also possible to have either both adult and tadpole, or neither
adult nor tadpole, being specialized in their respective environments.
In the Old World tropics, the majority of amphibian species rely on
the aquatic environment for breeding. Temporary pools serve as an ideal
breeding habitat for native amphibians because their ephemeral nature
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makes them unlikely to support large predators, such as fish (DiMauro
& Hunter, 2002). Variation exists between pools in terms of their size,
the duration of water retention (hydroperiod), water quality and food
availability. This variation can be extreme, as a consequence of location
(e.g. water chemistry of a pool in fertilized farmland versus one located
in low nutrient grasslands), or subtle, as a result of initial formation (e.g.
pool sizes within the same wetland). The environmental structure of the
pool can dictate the types of amphibians using the pools. For example,
pools with very short water retention would typically be used by species
that either naturally have short developmental times, or are capable of
developmental plasticity in response to desiccation (Wellborn et al., 1996;
Skelly et al., 2002). Food type and availability are also important factors in
determining the suitability of pools to certain types of tadpoles (Indermaur
et al., 2010). As a result, certain amphibian species may depend on specific
pools with environmental factors that relate to the traits of that species.
Therefore, any habitat alterations that aﬀect temporary pools can alter the
types of amphibians present within the altered habitat (Meegaskumbura
et al., 2002).
In the previous chapter I described the high abundance of terrestrial
amphibians in oil palm plantations, along with substantial diﬀerences in
community composition between habitat and plot types. In this chapter, I
aim to identify if the species dominating oil palm plantations are general-
ist within their chosen habitat, or if they show a degree of specialization in
the context of their breeding site choice. If amphibians inhabiting oil palm
plantations exhibit non-selective breeding site behaviour, there is the risk
that certain pools can act as ecological traps (Denver et al., 1998; Blaustein
et al., 1999; Bancroft et al., 2008). The close proximity of plantations to
forested areas provides the opportunity to identify the eﬀects of intensive
agriculture on the frequency and structure of temporary pools. I began by
identifying the diﬀerences between temporary pools located in the plan-
tation and those in forest habitats. This was followed by a comparison
of the proportion of pools used by amphibians in the two habitat types.
I also compared the types of species found breeding in temporary pools
between habitat types, identified tadpole feeding guilds and determine
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if temporary pools in plantations are able to support tadpoles typically
found in forested habitats. Finally, I tested the disturbance-generalist
paradigm, by identifying if temporary pool breeding amphibians in plan-
tations show specificity in breeding site preferences, relating to variables
that are specific to oil palm plantations. I hypothesize that the exposed
nature of oil palm plantations would allow for an increase in temporary
pool formation. Although an increase in pool frequency would, inevitably,
increase the number of potential breeding sites for plantation amphibians,
the open canopy in plantations could also result in a wide range of vari-
ation between pool structure and water chemistry. A strong variation
between pools may increase the probability of individuals encountering
pools that are unsuitable as breeding sites and therefore, these pools can
potentially act as ecological traps within the habitat. In terms of usage, I
predict that plantation pools will have high occupancy, possibly similar to
forest pools, and that temporary pool breeding amphibians in plantations
would show preferences to specific pools for breeding.
3.2 Method
Site description
This study was conducted in the district of Temerloh within the state of
Pahang, Peninsular Malaysia (3◦40’N, 102◦10’E). Two mature (>30years)
oil palm plantations (Lanchang and Sungai Mai) and two secondary forest
sites (Bukit Rengit and Kuala Lompat) within the Krau Wildlife Reserve
were chosen for this comparative study. A full description of the study
area is outlined in Chapter 2 of this thesis.
Field surveys
Initial searches for temporary pools within the two habitat types were
made at the beginning of May 2010. Repeated visits were conducted ev-
ery week after that for five weeks. Searches were made during the day
along a 2km path within each study site (Lanchang, Sungai Mai, Bukit
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Rengit and Kuala Lompat). Each 2km path started 500m from the en-
trance of each study site; 500m from the entrance into each plantation
site and 500m from the beginning of the trail into each forest site. Each
pool, located up to 5m on either side of the 2km path, was given a unique
number and its location recorded using a hand-held GPS. The physical
structure (depth, length and width, estimated percentage leaf litter cover
and average canopy cover) of each pool was recorded during the initial
search. Pool dimensions were measured using a tape measure to the near-
est centimeter. During repeat visits, depth measurements were taken, as
close as possible to the center of each pool, and at the same time of day,
in order to quantify changes in depth.
The amount of leaf litter and/or woody debris (leaf litter cover) in
each pool was estimate by visually determining the percentage of the pool
covered by leaf litter and/or woody debris. In cases where pool water was
too murky for visual estimation, litter cover of the area 1m from the pool
waters edge was used as a proxy. Canopy cover was estimated by taking a
digital photograph of the understory canopy at four positions around the
pool using a Nikon D40 camera (Nikon 10.5mm f/2.8 DX fisheye lens).
To identify the first position, I randomly ordered the numbers 0 to 359
and gave each pool a randomly selected number. This number was used
as the first position, based on the points of a compass, from which the
other four points were referenced. The second, third and fourth positions
were then set at 90◦, 180◦ and 270◦, respectively, from the first position.
Digital photographs of the canopy taken at all four positions were analyzed
using ImageJ (Rasband, 2011) after converting each picture to a black and
white 8-bit image. I set a minimum threshold value of 100 and pixels that
exceeded this value were taken to represent canopy cover (black pixels).
An average percentage of black pixels across the four points were used as
an estimate of canopy cover for each pool. I estimated the proximity of
each pool to a road by measuring the distance between the pool and the
nearest, frequently used road. I identified the diﬀerence between a walking
path and a vehicle road informally by questioning local guides, indigenous
tribes for forest sites and plantation workers in plantation sites. For roads
used by vehicles, I identified if they were used frequently by counting
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the number of motorized vehicles passing the location of the pool in a 30
minute time slot. For plantation pools, observations were made during the
time when palms were collected for transport out of the plantations, for
forest pools, observations were made between the hours of 4pm to 7pm,
corresponding to the time of heaviest traﬃc.
I measured the water temperature (◦ C) and chemistry [pH, total dis-
solved solids (TDS in ppm)] for each pool during the initial visit using a
handheld water testing device (Hanna HI-98129 standard combo meter).
The probe was completely submerged into the water and held as close to
the middle of the pool as possible without disturbing the substrate. A
10ml water sample from each pool was collected and tested in the field for
dissolved oxygen content [DO] (mg/l) and Nitrate content (mg/l) using a
field water testing kit (TetraTest, Blackburg, VA).
To estimate occupancy/presence of adults, searches were repeated dur-
ing each visit, as lack of detection during a single visit does not necessar-
ily mean a true absence of that particular species. Where possible, adults
were caught, identified in the field and released at the point of capture. Ev-
idence of breeding (egg masses and tadpoles) was also recorded for each
pool. Egg masses were collected, hatched and reared at the University
Malaya laboratory for species identification. Tadpoles from the field were
caught using dip nets and identified where possible. Aside from identifying
species, I also determined the feeding ecology of tadpoles. For individuals
that could be easily identified to species, feeding habits were determined
from the literature. If the tadpole could not be easily identified or the lit-
erature lacked documentation, tadpole feeding behaviour was determined
based on the structure of its mouthparts and position within the water
column. The individual tadpole was sedated using a 0.1% diluted solution
of MS-222 in a petri dish and its mouthparts examined under a dissecting
microscope. Descriptions of mouthparts were derived from Sokol (1975).
Tadpoles with simple mouthparts (i.e. a single opercular chamber and
lacked keratinous parts) were classified as filter feeders, while those with
keratinous mouthparts were classified as grazers. Filter feeders were fur-
ther classified based on the tadpoles position in the water column during
initial capture. In order to do this, each pool was carefully approached
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by one person, as certain species are extremely sensitive to tremors and
will swim to the bottom when disturbed. Tadpoles found just under the
surface film of the water were noted as being positioned in the top section
of the water column. Tadpoles that were seen amongst leaf litter or algae
at the bottom of the pool were noted as being in the bottom section of the
water column. Finally, those that were oﬀ the bottom but not feeding on
the surface film were noted as being within the water column. Surface film
feeders were typically found in the top section and general filter feeders
found in the middle of the water column.
Data analysis
Water retention of pools was compared using a standard Generalised Lin-
ear Models (GLMs). I used site and visit number (1st, 2nd, 3rd and 4th)
as predictor variables and water depth measurements per visit as the re-
sponse variable. Water depth data were log transformed before generating
models to ensure normality. Model simplification was done by sequentially
dropping each predictor variable without replacement and testing the new
model using F-tests.
I estimated pool surface area assuming an oval shape and using the
following equation:
Area =
4
5
× (Widthmax × Lengthmax) (3.1)
Pool area, along with the other physical variables, except maximum
width and length, were compared between oil palm and forest using
Wilcoxon rank sum test. The same statistic was used for all the chemical
variables measured during the field season. A normal approximation of
p-values was computed in the event of ties. The degree of variation in
pool structure and water chemistry was compared between habitat types
using an F-test.
Recent literature has suggested the importance of incorporating detec-
tion probabilities in estimating the presence or absence of species and/or
populations of amphibians (Dodd JR & Dorazio, 2004). The following is a
simple formula describing the relationship between the number of observed
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species (C) and the true number of species (N):
C = Np (3.2)
where p is the detection probability. According to the formula, when
p is variable and/or less than 1 (imperfect), which is frequently the case
for ecological surveys, the value of C needs to be adjusted in order for
the value of N to be valid (Schmidt, 2003). Amphibian occupancy and
detection probability of forest and plantation pools were estimated using
the occu() function from unmarked package in R (R Developmental Team,
2012). This particular package allows for the use of hierarchical models,
which accounts for spatial/temporal variation in the collected data. The
function is based on the occupancy model developed by MacKenzie and
colleagues (2002), and fits the observational model below:
yi|zi∼Bernoulli(zip) (3.3)
where the observed presence/absence (y) at site i, conditioned to the
state variable or true presence/ absence of the species or individual z is
a product of the true state and detection probability p under a Bernoulli
model (coin toss). Whether or not a spatial unit is occupied is based on
the following process model, which is also a Bernoulli model:
zi∼Bernoulli(ψi) (3.4)
which can be modelled using covariates (x) in a logistic equation to
estimate occurrence probability ψ:
logit(ψi) = α + β(xi) (3.5)
where α and β are parameters from the fitted model.
The use of covariates is based on the idea that one would expect occu-
pancy to be a function of some measured site characteristic and detection
varying with a certain measured variable, such as daily weather charac-
teristics. The inclusion of covariates allows for the assumption that oc-
cupancy and detection are constant across sites (MacKenzie et al., 2002).
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Models that assumed constant occupancy and detection, constant occu-
pancy but variable detection, variable occupancy but constant detection,
and models varying in both occupancy and detection were generated and
compared to identify the model that best fit the occupancy data. Stan-
dard errors of occupancy and detection estimates were generated using
a nonparametric bootstrap method. Comparisons between models were
done based on AICc numbers. I used the MuMIn package in R to gen-
erate AICc values for each model, as AICc corrects for small sample size
(Anderson & Burnham, 2002).
When models had constant occupancy/detection, true values from the
resulting estimates were calculated using a simple inverse logit [plogis()]
function. For models with covariates, the relationship between occu-
pancy/detection with corresponding variables was plotted along with 95%
confidence interval. The average values for corresponding variables were
added into equation 3.5 and occupancy/detection values calculated as with
the constant model.
Linear quadratic models were fitted to compare the rate of change
of water depth per visit between pools used for breeding (pools where
tadpoles and eggs were detected at least once) and those that were not.
Additionally, generalized linear models [GLMs] with binomial errors were
used to model amphibian breeding with respect to physical and chemical
variables associated for each pool. Prior to fitting the maximal model,
correlations between habitat variables were identified using Kendall’s tau
statistics. Highly correlated variables (tau value>0.8) were placed into a
principal component analysis [PCA] and the main principal component
[PC1] was used in subsequent analyses. Model simplification and testing
was done by the deletion of the least significant variable from the maximal
model and comparison of changes in deviance using Chi-square.
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3.3 Results
Pool characteristics
Temporary pools were detected more frequently in plantation sites com-
pared to forest sites. A total of 45 pools were found in plantations (2.25
pools per km2), while 9 pools were detected in forest sites (0.45 pools per
km2). Forest and plantation pools were significantly diﬀerent in estimated
surface area (W = 343.5, p-value < 0.01), percentage of canopy cover (W
= 3.00, p-value <0.01), leaf litter cover (W = 6, p-value <0.01) and dis-
tance from roads used by vehicles (W = 339.5, p-value < 0.01). Forest
pools were generally larger (median area: forest= 24m2, plantation=1.28m
2), with more canopy (median canopy: forest=93.4%, plantation=74.9%),
and leaf litter cover (median cover: forest=98%, plantation=0%) and were
located further from active roads. The only structural variable that did
not vary significantly between the two habitat types was pool depth (W
= 174, p-value = 0.513; Figure 3.1).
Forest pools had greater variation than plantation pools in area (F(8,44)
= 623, p-value <0.001) and distance to active roads (F(8,44) = 11.63, p-
value <0.001), while both canopy cover (F(8,44) = 0.029, p-value <0.001)
and leaf litter cover (F(8,44) = 3.546, p-value = 0.006) were more variable
for plantation pools (Figure 3.1). Site was the best predictor of water
retention (GLM; F(14,11) = 11.26, p-value <0.01). Forest pools retained
water longer (coeﬃcient estimates: BR=2.82; KL=0.82) than plantations
pools (coeﬃcient estimates: LAN=-0.55; SM=-0.72; Figure 3.2). As a
result, more plantation pools had dried out by the end of the study (67%)
than did forest pools (11%).
Comparisons of water chemistry between the two habitat types in-
dicated no significant diﬀerence in nitrate concentrations (W=156, p-
value =0.409) and pH (W=86, p-value =0.057). Dissolved oxygen content
(W=104, p-value =0.042), total dissolved solids [TDS] (W= 57, p-value
= 0.012) and temperature (W= 0, p-value <0.01) were all significantly
greater in the plantation pools (Figure 3.3). TDS (F(6,40)=0.006, p-value
<0.01) and water temperature (F(7,23)=0.055, p-value =0.001) were more
variable in plantation pools compared to forest pools, while pH was more
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Figure 3.1: Comparison of measured physical variables between pools found
in oil palm plantations and forest sites. Measurements include maximum pool
depth (a), estimated pool area (b) calculated using maximum length and width
measurements, percentage leaf litter cover within pools (c), percentage canopy
cover over pool (d) and distance pool from the nearest vehicle used road (e). The
thick line represents the median value, while the top and bottom of the boxes
represent the upper and lower quantiles, respectively. The whiskers represent
the spread of the data (minimum and maximum values), with the open circles
representing outliers in the data.
variable in forest pools compared to plantation pools (F(7,36)=4.279, p-
value =0.003) (Figure 3.3).
I detected a total of 12 species of amphibians from three families, either
as eggs, tadpoles or adults. Two species were found in both habitat types,
while other species were only found in forest sites or plantation sites. In
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Figure 3.2: Average depth of temporary pools in four study sites against the
number of visits. Forest sites represented by triangles (open = Kuala Lompat
(KL), closed = Bukit Rengit (BR)). Plantation sites represented by circles (open
= Lanchang (LAN), closed = Sungai Mai (SM))
general, all the microhylid tadpoles found during the study exhibited the
simple mouthparts associated with filter feeding. Within this classifica-
tion,Microhyla heymonsi tadpoles were separated from other species based
on its position in the water column and classified as a ’surface film feeder’
(Table 3.1). The mouthparts of tadpoles from the Dicroglossid family
were more adapted for scraping and grazing on algae. One exception to
this was Occidozyga laevis, which is predatory, based on gut dissections by
Heyer (1973) . Another exception was Limnonectus laticeps, which uses a
yolk sac for nutrition throughout its tadpole stage.
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Figure 3.3: Comparison of measured chemical variables between pools found
in oil palm plantations and forest sites. Measurements include nitrate (a), pH
(b) dissolved oxygen content [DO] (c), total dissolved solids [TDS] (d) and
temperature (e). The thick line represents the median value, while the top and
bottom of the boxes represent the upper and lower quantiles, respectively. The
whiskers represent the spread of the data (minimum and maximum values),
with the open circles representing outliers in the data.
Models generated for forest pools that included water level and maxi-
mum depth measurements as covariates did not converge. As models with
unconverged parameters cannot be confidently compared using AICc val-
ues, they were omitted. Four models with constant detection probability,
one with constant occupancy and the rest with variable occupancy mod-
eled with covariates, were compared. The model with constant detection
and occupancy, p(.)ψ(.) had substantially more weight than the models
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Table 3.1: Species found in pools during the survey period at diﬀerence stages
(Egg, Tadpole and Adult) along with their position in water column (top, within
and bottom) when found and known feeding habits (SF= suspension feeder,
AF=algae feeder, Pr= predatory, Y=yolk sac). Information on feeding habits
are either taken from Heyer (1974) (∗) or derived from mouthpart morphology
Inthara et al. (2005)
Species Forest Oil Palm Stage Feeding Position
Microhylidae
Microhyla heymonsi∗ + + E, T and A SF Top
M. superciliaris + - T and A SF Middle
M. butleri∗ + + T and A SF Middle
M. mantheyi + - T and A SF Middle
Kaloula pulchra - + A SF Middle
Dicroglossidae
Fejervarya limnocharis - + E, T and A AF Bottom
Hylarana glandulosa + - A AF Bottom
Occidozyga laevis + - A Pr Middle
Limnonectus plicatellus + - T and A AF Bottom
L. laticep - + A Y Top
Rhacophoridae
Polypedates leucomystax∗ - + E, T and A SF Bottom
Rhacophorus sp. + - T N/A Middle
where occupancy (ψ) varied with covariates (Table 3.2). Straightforward
back-transformation revealed that detection probability of amphibians for
all forest pools was 0.917 (SE=0.057), with an occupancy estimate of 0.667
(SE=0.157). This indicated that around 67% of pools found in forest sites
were occupied by amphibians with a 92% chance of detecting amphibians
in those pools.
16 models were fitted for pools in plantations and ranked based on
AICc values and model weights (Table 3.2). There was no single model
with a high enough AICc weight therefore a conclusive statement could
not be made regarding the importance of covariates used in the model.
However, models with p(water) performed better than when detection
was constant [p(.)], suggesting that detection probability varied with pool
water level. Additionally, models with variable detection probabilities pro-
vided similar estimates of the overall detection rates (∼ 51%). Detection
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probability rose sharply in pools with water levels between 0 and 5cm,
then the rate decreases to a plateau at a high probability of detection
(Figure 3.3a). Standard error for detection probability tends to increase
between 2-3cm pools, but tapers to almost negligible from 10cm onwards
(Figure 3.3a). Although the model with leaf litter cover as a covariate for
occupancy [ψ(litter)] had the highest AICc value, removing this covariate
did not significantly worsen the fit of the model (Table 3.2). Furthermore,
the standard error for the litter covariate model rapidly increased after 5%
litter cover (Figure 3.4b), which presents uncertainty in estimating occu-
pancy accurately. Therefore, the constant occupancy model [ψ(.)] was
selected and based on this model amphibians occupied 64% (SE=0.09) of
pools in plantations (Table 3.2).
Oviposition site selection
The fitted linear models between breeding and non-breeding pools had
negative intercepts (estimated coeﬃcients: breeding = -3.60 [se = 6.27],
non-breeding = -7.55 [se = 5.83]) and showed water depth initially in-
creased for both pools (estimated coeﬃcients: breeding = 10.3 [se = 5.72],
non-breeding = 13.7 [se = 5.32]) between the first and second visit. After
the second visit, water depth decreased at a similar rate between pools (es-
timated coeﬃcients: breeding = -2.13 [se = 1.13], non-breeding = -2.73 [se
= 1.05]) (Figure 3.5). Both models showed an acceptable level of fit based
on adjusted r2 values, with around 36.1% and 61.7% of the variability
explained for breeding and non-breeding pool data, respectively. Initially,
I found a very slight correlation between the pool variables, more specifi-
cally between nitrate concentrations, maximum depth and percentage leaf
litter (tau value ∼ 0.3), but this was not high enough to warrant any fur-
ther analysis to reduce multicollinearity. I chose not to generate models
using the forest pool selection data, as the small sample size (n=9) was
inadequate for analysis, therefore, only the plantation data was used for
oviposition selection models.
Pool depth and nitrate concentration seemed to play an important role
in breeding site choice in plantations as removal of these variables from
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Figure 3.4: Expected amphibian detection probability against varying pool
depth (a) and estimated amphibian occupancy probability against leaf litter
cover (b), based on occupancy models that best explained the absence/presence
data collected from oil palm plantations only. Solid line is the fitted values of the
model with the lowest AICc value and the highest weight. Grey lines represent
the upper and lower bounds [95% CI].
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Figure 3.5: Relationship between average water depth against visits for breeding
and non-breeding pools. Solid line represents the fitted linear quadratic model
for change of water depth in non-breeding, while dashed lines represents the
model for pools used for breeding (presence of tadpoles or eggs found during,
at least, one visit). Filled and open circles are observed values.
the model led to a significantly worse fit to the data (Table 3.3). The
probability of breeding at a particular pool (y) was dependent on pool
depth (D) and nitrate concentrations (Ni) using the following equation:
y = logit−1(−1.56 + 2.30 ∗D + 0.20 ∗Ni) (3.6)
Both variables exhibited a positive relationship with amphibian breed-
ing (Figure 3.6). The fitted curve generated against pool depth followed
a typical logit distribution. At shallow depths, the probability of detect-
ing evidence of amphibian breeding was low. Probability of detection
increased rapidly up to 40cm, at which point, it plateaued with a high
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Table 3.3: Model selection for evidence of amphibian breeding in pools and
explanatory variables. Variables were removed from the maximal model. Model
fit was tested between the new and previous models using a Chi-square test.
Model deviance, Chi-square and p-values are shown in the table below. Degrees
of freedom for each model = 1, 44
Variable removed Model Deviance Chi-square value p-value
none 41.0
area 41.4 0.00 0.549
litter 41.0 0.00 0.961
maximum depth 53.9 12.9 <0.001
road 41.0 0.02 0.890
dissolved oxygen 43.1 2.07 0.151
nitrate 45.9 4.88 0.027
ph 41.0 0.01 0.913
total dissolved solids 42.1 1.14 0.285
temperature 41.1 0.08 0.772
probability value (Figure 3.6a). The fitted curve of amphibian breeding
against nitrate concentrations exhibited a shallower gradient in compar-
ison to depth, but still showed a positive relationship with amphibian
breeding (Figure 3.6b)
3.4 Discussion
The features associated with a particular body of water are largely depen-
dent on its surrounding habitat and can vary significantly, not only be-
tween diﬀerent habitats, but also between water bodies within the same
habitat (Wellborn et al., 1996; DiMauro & Hunter, 2002). The present
study highlighted clear diﬀerences between temporary pools in forest and
oil palm plantations. Pools in plantations exhibit characteristics typical
of water bodies in altered habitats; small, exposed pools with poor water
retention, located closer to motorized traﬃc, greater amounts of TDS and
higher variability in water temperature and canopy cover than natural
pools (DiMauro & Hunter, 2002). Characteristics of pools in plantations
are consistent with the exposed nature of the habitat. For example, the
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Figure 3.6: Graph showing fitted values (solid line) of the minimal model with
binomial errors applied on presence of amphibian breeding data. The x-axis is
pool depth measurements (a) and nitrate concentrations (b). Open circles are
observed values and n is the total number of pools sampled.
reduced canopy cover in plantations, reduced leaf litter cover and higher
variability in water temperature within pools. These diﬀerences of tem-
porary pools between habitats can have an eﬀect on correctly estimating
amphibian usage, due to variation in detection. Detection probability of
amphibians in plantations varied with water level, which can be a product
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of the exposed nature of plantation pools. Pools in such an exposed habitat
can exhibit rapid filling and drying, which can aﬀect amphibian detection
at a particular location, as breeding amphibians (either calling or oviposit-
ing) which are located in water, are typically easier to detect than those
not attending aquatic breeding sites (Pellet & Schmidt, 2005). Therefore,
in order to estimate amphibian occupancy, statistical techniques taking
into account varying detection probabilities are highly encouraged.
Pools in plantation sites were also more common, so amphibians in
plantation sites were exposed to a greater number of physically variable
pools within this habitat type. Despite these results, the proportion of
occupied plantation pools was similar to the proportion of occupied forest
pools. Although only a fraction of plantation pools were occupied, the
physical variables I measured were not important in determining occu-
pancy when all amphibians were considered. There are a number of pos-
sible explanations for this result, however, selectivity of pools by breeding
and non-breeding amphibians cannot be conclusively argued. Usage of
certain pools can be a response to an aggregated distribution of amphib-
ians within the landscape, which is typically found in natural populations
(Hayek & Buzas, 2010). Alternatively, individuals may be selecting pools
based on features not measured during the study. A direct comparison
of occupancy estimates between plantation and forest could not be done,
as the small sample size of forest pools resulted in the non-convergence
of occupancy and detection models (Anderson & Burnham, 2002). By
removing these models, we may be excluding important eﬀects of such
covariates if, for example, the sample sizes were increased; we cannot be
certain of constant detection in forest sites, or if increasing the sample size
may reveal variation in detection, which is becoming increasingly evident
in the literature (Schmidt, 2003). However, all the converged models had
similar values and pools where amphibians were detected at the first visit
were also detected at every consequent visit.
As mentioned in the introduction, detecting specialization by amphib-
ians is made more diﬃcult due to complex life histories. Although I was
unable to specify the variable (or variables) associated with occupancy
by all amphibians, I did find selectivity in terms of plantation pools used
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specifically for breeding. Evidence of breeding was restricted to deeper
pools. As the rates of water loss were similar between breeding and non-
breeding pools, the importance of pool depth to the length of water re-
tention would be more notable in a generally exposed habitat. The other
significant variable explaining breeding site selection was nitrate concen-
trations, which is a correlate for algal growth but if amphibians actively
choose pools based on this variable is unclear. Increased higher nitrate
concentration could be caused by longer periods of water retention, which
in turn, is associated with deeper pools. Higher nitrate concentrations
could result from runoﬀ from fertilizers and pools closer to the source
would have higher concentrations. In this case increased breeding activity
in pools with increased nitrate concentration is not a result of selection
for nitrates and its covariates, but due to associations between amphibians
and the source of fertilizer input. Despite the disparity amongst variables
between forest and plantation pools, and greater variability of some of
these in plantations, no other variable aﬀected breeding site choice. The
preference for deeper pools exhibited by breeding amphibians in plan-
tations is typical for temporary pool breeder. Pools that retain water
for longer periods that are not persistent enough for the colonization
of aquatic predators facilitate tadpole development (Hartel et al., 2011).
Although we did not find amphibians inhabiting plantation habitats in
forests, and indeed others have also shown distinct communities (Gillespie
et al., 2012; Faruk et al., in press), based on oviposition site choice by
temporary pool breeders, there was no selectivity for pools specific to the
plantation habitat. If these amphibians were specialized to the oil palm
habitat in terms of breeding, we would expect a selection toward variables
associated with plantation pools that were distinct from those found in
the forest.
With the current data I am unable to make any conclusive argument
on whether tadpoles in plantations are habitat specialists or generalists.
The rapid developmental time, typical of species found in plantation pools,
are indeed useful strategies for development in pools of exposed habitats,
but this is an adaptation to temporary pools, and not necessarily a trait
specialized to plantations. I am unable to conclusively determine if these
3.4. DISCUSSION 72
tadpoles have the ability to change their habits in response to a diﬀerent
habitat. Partitioning between feeding guilds is a possible sign of speci-
ficity, but it shows a specialization to a particular component of a pool,
not necessarily specialization towards a specific habitat type; filter feed-
ers are only able to survive in pools with suﬃcient particulates to feed
on, regardless of the overall habitat type. Therefore, tadpoles of species
inhabiting plantations may exhibit specific feeding habits and are well
adapted to deal with threats of desiccation, but may not, strictly, be spe-
cialist to pools of altered habitats. In my system, both oil palm plantation
and forest pools were suﬃcient to support algae grazers and filter feeders.
However, there was an absence of predatory tadpoles in plantation pools,
indicating that these pools may not be suitable for tadpoles exhibited such
feeding strategies. Nevertheless, the diversity of diﬀerent feeding strate-
gies may indicate that pools in plantations have the potential to support
communities of amphibian tadpole species without strong competition for
resources.
Anthropogenically altering landscapes will inevitably lead to rapid
changes at the habitat-level, favouring species that are able to utilize fea-
tures associated with such environments. Based on this study I found
that temporary pools in plantations exhibited diﬀerent characteristics to
pools in forests. However, species found in these types of disturbed habi-
tats did not show strong associations with features specific to disturbed
habitats. Instead, their preferences were for features commonly associated
with a temporary pool breeding species. I can argue that the collection
of species do exhibit breeding behaviour specialized for temporary pools,
but this trait is not solely restricted to disturbed environments. In terms
of management, pools in plantations are variable and some show suitabil-
ity for sustaining amphibian larvae. Additionally, the feeding guilds of
tadpole species found in these altered pools are similar to those found in
forest pools, indicating that these pools have nourishment that can sup-
port similar forest tadpoles. However, incorporating forest species into
plantation habitats may prove diﬃcult as the species currently inhabiting
plantations are generally adapted to thrive in such environments and the
absence of predatory tadpoles may indicate that, although, herbivorous
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and particulate feeders may be able to thrive here, prey items to sustain
predators within aquatic systems may be lacking.
Chapter 4
Microhabitat preferences of
amphibians in oil palm plantation
and secondary forests
4.1 Introduction
Over the past four decades, the human population has doubled to 6.5
billion and is projected to exceed 9 billion by 2050 (Population Refer-
ence Bureau, 2006). As the human population grows, so do its demands,
resulting in a rapid encroachment and modification of natural habitats
(Ragauskas et al., 2006). By modifying the natural habitat, we are di-
rectly removing environmental factors of the natural landscape associated
with a species or community of species (Morrison et al., 2006). The link
between wildlife and its chosen habitat can range from being direct and
obvious (e.g. structural modification by mammals) (Jones et al., 1996) to
indirect and subtle (e.g changes in soil chemistry via dung deposits) (Bat-
zli, 1994). Additionally, environmental factors within a habitat can be
interrelated, for example, the link between canopy cover and soil moisture
(Royer et al., 2012). Such relationships can be highly complex, therefore,
anthropogenically modifying natural habitats will ultimately aﬀect bio-
diversity, at times, with negative consequences (Mace & Reynolds, 2001;
Foley et al., 2005).
A habitat suitable for a particular organism typically includes impor-
tant factors for its survival, namely, space, nutrition and shelter, which
makes the habitat an important aspect for conservation management
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(Morrison et al., 2006). However, within a particular habitat, there are
environmental features, typically known as microhabitats, which collec-
tively make up the overall habitat. Although it is important to focus on
the overall habitat for conservation eﬀorts, often species have relationships
with certain features within the overall habitats that may be equally as
important. Generally, a natural habitat exhibits a range of environmen-
tal gradients at the microhabitat level, which results in a structurally
heterogeneous habitat. The overall habitat, however, is a species or or-
ganism specific term; suitability for one species/organism does not reflect
general utility for others. As this is true for the habitat level, it is also
reflected at the microhabitat level, especially for small bodied organisms.
Therefore, a habitat that exhibits a range of diﬀerent microhabitat, each
associated with a diﬀerent species, would naturally have the opportunity
to support a coexistence of many species. By modifying such naturally
heterogeneous environments into a largely uniform and homogeneous habi-
tat, these small scale variations would be removed, increasing the threat
of biodiversity loss. In addition, species showing preferences to specific
aspects of the overall environment would generally also exhibit adapta-
tions to utilize the habitat space, for example, the bright colouration and
unusual structures of orchid mantis (Hymenopus coronatus) and its asso-
ciation with flowers compared to the brown, dead leaf mantis (Deroplatys
desiccata), associated with twigs and leaves.
In the early 1990s, a model was proposed showing the relationship be-
tween structural heterogeneity and species diversity (Huston, 1994). The
model predicts that for species with a relatively small body size and low
mobility, strong structural heterogeneity should promote high species di-
versity. This is because a heterogeneous habitat would contain a wider
range of environmental components (microhabitats), promoting coexis-
tence of species that require diﬀerent, but specific microhabitats. Habitat
homogenization would promote homogenization across the community and
therefore, be detrimental to the maintenance of diversity (Benton et al.,
2003; Smith et al., 2004; Reid et al., 2007). Agricultural conversions have
been blamed for simplifying the environment, by replacing areas of high
vegetative diversity with a single crop type and removing undergrowth
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(Krebs et al., 1999; Vellend et al., 2007). If the aim is to promote diver-
sity through heterogeneity, without conserving specific species, agricul-
tural habitats may be managed to increase structural heterogeneity, for
example, through the inclusion of other crop types or forest remnants. Ad-
ditionally, as diﬀerent species use specific microhabitats within the overall
habitat, managing diversity through habitat heterogeneity within a speci-
fied area would need to require information about the microhabitat needs
of a particular group or groups of organisms to maintain.
Amphibians are relatively small in body size and often hindered by
stretches of unsuitable habitats, such as roads (Porej et al., 2004; Rit-
tenhouse & Semlitsch, 2006; Wolts et al., 2008). The Class Amphibia is
also highly diverse in its ecomorphology, with certain species exhibiting
adaptations in order to thrive in a certain habitat space (e.g. the exten-
sive webbing seen in rhacophorid species in Asia). Habitat selection and
partitioning within this group have been studied in both the tropics and
temperate zones, with inconsistent results (Heyer, 1976; Gillespie et al.,
2004). Such studies, however, are generally focused on a single species
or studied in relatively undisturbed habitats, and were not designed to
apply knowledge of microhabitat requirements towards agricultural man-
agement. Nonetheless, there is evidence of habitat preferences of adults for
various amphibian species were found, for example, species partitioning
along streams in Sulawesi (Gillespie et al., 2004). In contrast, a number
of studies have failed to show clear habitat preferences, such is the case
for Rana temporaria in the temperate zone (Gro¨zinger et al., 2012), and
Rana chalconata in the tropics (Gillespie et al., 2004). Therefore, am-
phibian species that do not show associations with certain microhabitat
features would possibly be able to occupy all the available spaces within
the occupied habitat. If this is the case, then the influence of structural
heterogeneity on amphibian diversity can depend on the type of species
and their associations to the available features of the occupied habitat.
In Chapter 2, I predicted that amphibian species diversity would be
lower in oil palm plantations compared to forested habitats. This was
not the case. Comparable diversities between forest and plantation sites
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sparked the idea that plantations may exhibit a degree of structural het-
erogeneity comparable to forests. If plantations are heterogeneous habitats
for amphibians, then species occupying such a habitat would show asso-
ciations with specific microhabitat features, have morphological adapta-
tions associated with those features and show partitioning among diﬀerent
species based on variation of microhabitat and ecomorphology. Alter-
natively, plantations may be structurally homogeneous and the species
present have the ability to occupy every microhabitat space within the
overall habitat. In this case, amphibians would not exhibit any evidence
of partitioning and would exhibit similar ecomorphology.
4.2 Methods
4.2.1 Data collection
Fieldwork was undertaken in the state of Pahang, Peninsular Malaysia,
during the summers of 2009 and 2010. Surveys were conducted in three
plantation sites (Sungai Mai, Lanchang and Kerdau) and two secondary
forest sites (Bukit Rengit and Kuala Lompat). A full description of the
study sites including average temperature and rainfall are available in the
Method section of Chapter 2. Surveys of each site started around 8pm,
when frogs were actively calling, and ended around midnight. Each site
was surveyed five times in 2009 and four times in 2010.
Amphibians were searched for in all three 30m X 2m plot types (stream,
riparian and terrestrial) (refer to Figure 2.2 for a diagrammatic represen-
tation). Riparian and terrestrial plots were marked and searched in accor-
dance with the methodology outlined in Chapter 2. Streams were tagged
every 10m for 300m and searched for amphibians using spot lights. Indi-
viduals were caught when possible and identified to species. Photographs
were also taken for re-identification later. Distinctive morphological fea-
tures of caught individuals were noted, such as the presence of toe pads
and/or webbing. These particular traits were chosen as they show variabil-
ity across diﬀerent species and are typically associated with the ecology
of each species.
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I recorded the substrate each individual was captured on (water,
mud/sand, leaf litter, leaf, branch/twig, log or rock), as well as its height
above ground measured to the nearest centimeter. Horizontal distances
between the individuals location and various microhabitat features were
also recorded. For riparian and terrestrial plots I recorded the type of
and the distance to the nearest water source as well as the distance to the
closest source of cover and/or perch site, e.g. leaf litter pack (a collection
of ≥5 dried leaves), log/buttress (≥10m diameter at its thickest part),
rock (≥0.25m diameter), small tree (≤50m diameter at breast height),
large tree (>50m diameter at breast height) and seedlings/undergrowth
(foliage ≤0.50m in height). I classified water sources based on water per-
manence (temporary/permanent). Water sources classified as temporary
were pools or small, intermittent streams that dried completely at least
once per calendar year, while water sources classified as permanent were
streams or large ponds with no known drying period. For individuals
found in stream plots, I recorded the following: horizontal distance to
stream bank, closest log/buttress (≥25m diameter at its thickest part),
sand mound (≥0.50m across), leaf litter (a collection of ≥5 dried leaves),
riﬄe (moving stretch of water >0.5m in length), pool (stagnant water
>0.5m in length), small tree (<50m diameter at breast height) and large
tree (>50m diameter at breast height).
Stream, riparian and terrestrial plots were visited during the day to
measure the same microhabitat variables, but at random locations. Ran-
dom locations corresponded to three sets of Cartesian coordinates in a
three-dimensional space and generated using a random number table.
Random stream locations were chosen based on the three coordinates cor-
responding to the start of the transect, height above water and distance
from bank. I used the outcome of a tossed coin (tails=left; heads=right,
when facing upstream) to determine the side of the stream where these
locations were situated. Random riparian and terrestrial locations were
similarly determined by using randomly generated coordinates, and the
numbers corresponded to the distance along the longer side of the plot
(y-axis), the shorter side of the plot (x-axis) and height above ground.
Microhabitat variables were measured for an equal number of random and
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amphibian locations for each plot.
4.2.2 Data analysis
Due to low numbers of amphibians detected in riparian and terrestrial
forest plots, data from both plot types were combined into one category
called terrestrial frogs. The three most abundant (≥10) species within
each plot were chosen for subsequent analysis, with the exception of forest
terrestrial plots, where only two species were used. Continuous habitat
variables were standardised to z-scores (zero mean and unit variance).
Location substrates were converted into integers (0-water, 1-mud/sand,
2-leaf litter, 3-leaf, 4-branch/twig, 5-log and 6-rock) as was type of water
source (1-permanent, 2-temporary) and non-stream plot types (1-riparian,
2-terrestrial). These converted variables were treated as factors in subse-
quent analysis.
Habitat measurements for each species and random location were con-
verted into Euclidean distance matrices. I used the distance matrices
to construct corresponding ordination diagrams using Non-metric Multi-
Dimensional Scaling (NMDS) using the vegan package in R. The function
(metaMDS) used to generate distance matrices and construct ordinations
uses functions based on Minchin’s (1987) recommendations. Two separate
analyses were done: 1) comparing microhabitat features between amphib-
ian and random locations, 2) comparing microhabitat features between
diﬀerent amphibian species. Habitat variables were fitted onto correspond-
ing ordinations using the envfit function, which also generates p-values to
identify degree of fit to the data. I only plotted variables on the final
ordinations that had highly significant fit to the data (p-value ≤ 0.05).
P-values were used here as individual numbers were small, in contrast to
ordination techniques used in Chapter 2.
Permutational multivariate analysis of variance (PerMANOVA) with
the same Euclidean distance matrices were used to identify diﬀerences
in habitat preference. Again, the analysis was done to compare distance
matrices between amphibian and random locations, and between diﬀer-
ent amphibian species. This statistical method is a robust alternative to
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parametric MANOVA (multivariate analysis of variance), as it does not
assume normality of data or homogeneity of variance. I used the adonis
function in R for the analysis and F-tests, based on sequential sums of
squares from permutations of raw data, to calculate significance.
4.3 Results
A total of 12 amphibian species were found in plantation sites and 13 in
forest sites throughout the study season, and I detected 302 individual
frogs. Abundant species found in forest streams were Hylarana labialis
(39 individuals found), Limnonectus blythii (15) and Phrynoides aspera
(10) (Figure 4.1a, b and c). In plantation streams, Hylarana erythrea
(22), Hylarana nicobariensis (12) and Fejervarya limnocharis (10) were
most abundant (Figure 4.1d, e and f). Abundant species found in forest
terrestrial plots were Hylarana labialis (10) and Microhyla mantheyi (10)
(Figure 4.2a and b), while in plantation terrestrial plots Microhyla hey-
monsi (53), Kaloula pulchra (44) and Fejervarya limnocharis (64) were
most abundant (Figure 4.2c, d and e).
All amphibians detected along streams did not have full webbing be-
tween digits, which is the typical adaptation to being fully aquatic. Hy-
larana labialis had well developed digital discs, indicating a generally ar-
boreal species. Hylarana erythrea and Hylarana nicobariensis had small,
but still distinct, digital discs. Limnonectes blythii had moderate webbing
on their hind feet without expanded digital discs, indicating that this
species is possibly ground dwelling and semi-aquatic. Phrynoides aspera
and Fejervarya limnocharis exhibit similar characteristics with L. blythii.
In terrestrial plots, individuals from all the Microhylidae group show sim-
ilar morphological adaptations (e.g. lack of extensive webbing and lack
of enlarged toe disks), indicating adaptations to being mainly terrestrial
species. Only Microhyla heymonsi individuals have moderate webbing,
possibly indicating a higher aﬃnity to aquatic environments compared to
other microhylids.
NMDS ordinations for amphibian and random locations reached a sta-
ble solution at k=2 (where k is the maximum number of dimensions),
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Figure 4.1: Amphibian species detected most frequently in forest (a, b and c)
and plantation (d, e and f) streams, with full latin names below each corre-
sponding picture
with the exception of Hylarana erythrea in plantation streams, where, a
stable solution was reached at k=3. Final stress values for all the fitted
NMDS configuration of species and random sites indicated adequate fit
between dissimilarity matrices and ordination configurations (Table 4.1).
Habitat-spaces for two of the forest stream species,Hylarana labialis (Fig-
ure 4.3a) and Phrynoides aspera (Figure 4.3e), were separated from ran-
dom locations on the first NMDS axis. H. labialis was strongly associated
with increasing height, distance to rocks, riﬄes and large trees (Figure
4.3b), in contrast, P. aspera showed associations with decreasing height,
distance to logs and large trees (Figure 4.3f). The third forest stream
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Figure 4.2: Amphibian species detected most frequently in forest (a and b)
and plantation (c, d and e) terrestrial zones, with full latin names below each
corresponding picture
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Table 4.1: Stress values and number of dimensions (k) generated from con-
structing Non-metric Multidimensional Scaling ordinations of Euclidean dis-
tance matrix of microhabitat features between amphibian location and random
location
Species Stress k
Stream (plantation)
Fejervarya limnocharis 0.101 2
Fejervarya nicobariensis 0.168 2
Hylarana erythrea 0.233 3
Stream (forest)
Hylarana labialis 0.245 2
Limnonectes blythii 0.172 2
Phrynoides aspera 0.128 2
Terrestrial (plantation)
Kaloula pulchra 0.138 2
Fejervarya limnocharis 0.179 2
Microhyla heymonsi 0.189 2
Terrestrial (forest)
Hylarana labialis 0.155 2
Microhyla mantheyi 0.091 2
species,Limnonectes blythii, was separated from random sites on the sec-
ond NMDS axis (Figure 4.3c), which represented a gradient of increasing
height and pool distance (Figure 4.3d). In plantation streams,Fejervarya
limnocharis was separated from random sites on the first axis, which repre-
sented a gradient of increasing height and decreasing distance to leaf litter
(Figure 4.4a and 4.4b). F. limnocharis showed associations with decreas-
ing height and increasing distance to leaf litter. Individuals from the two
remaining plantation stream species, Hylarana erythrea and Fejervarya
nicobariensis, were separated from their corresponding random locations
by having a slight positive association with the second axis and a slight
negative association with the first axis (Figure 4.4c and 4.4e). H. erythrea
individuals were associated with decreasing substrate value and increasing
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distance to large trees (second axis), along with decreasing distance from
sand mounds and increasing distance from leaf litter (first axis) (Figure
4.4d), while F. nicobariensis individuals were associated with decreasing
distance to logs (first axis), but increasing distance to leaf litter (second
axis) (Figure 4.4f).
In terrestrial forest plots, Microhyla mantheyi adults showed habitat
associations based on increasing distance from logs, decreasing height and
decreasing distance from large trees (Figure 4.5a-b). In contrast, Hylarana
labialis adults did not show clear separation from all the available habitat
space (Figure 4.5c and d). All the species found in plantation terrestrial
plots showed associations with certain habitat variables (Figure 4.6a, c and
e). Based on the first NMDS axis,Fejervarya limnocharis was negatively
associated with woody debris (litter and log) and large trees, but positively
associated with location substrate. The second axis of the same ordina-
tion exhibited associations with distance from rock and seedling (Figure
4.6b). F. limnocharis were negatively associated with woody debris and
large trees but with a preference to seedlings/undergrowth. Kaloula pul-
chra and Microhyla heymonsi both showed an association for being close
to the ground, as second axis of the former species and the first axis of
the latter species were associated with height measurements. K. pulchra
individuals were also negatively associated with large trees, while M. hey-
monsi adults preferred were negatively associated with small trees (Figure
4.6d and f). With the exception of Hylarana labialis individuals found in
terrestrial plots, results from the PerMANOVA indicated that the micro-
habitat occupied by each species diﬀered significantly from all available
habitats (Table 4.4).
Final stress values for all stream and terrestrial NMDS configurations
indicated an adequate fit between dissimilarity matrices and corresponding
ordination configurations. Both forest and plantation stream ordinations
reached a stable solution with minimum stress at k=2, while ordinations of
terrestrial plots reached a stable solution with minimum stress at k=3 (Ta-
ble 4.3). I found evidence of habitat partitioning between forest stream-
dwelling species (Figure 4.7a, Table 4.4). Hylarana labialis adults were
separated from both Limnonectes blyhtii and Phrynoides aspera adults
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Figure 4.3: Plots of the first and second NMDS axes for amphibian species found
in forest streams and randomly selected sites (a, c and e). Full scientific names
for each species and their corresponding abbreviations, labelled within each
object, are found in Appendix A.1 of this thesis. Labels represents the centroid
for each object, with random locations labelled as ”R”. Plots on the right hand
side are environmentally fitted vectors for the corresponding species (b, d and
f). The length and angle of each vector represents the strength and direction of
association. Variables measured with stream plots include horizontal distance
(cm) to closest leaf litter = litter, log/buttress = log, large trees = tree>50,
small trees = tree<50, height above ground = height, rock = rock, moving
water = riﬄe, stream bank = bank, sand mound = sand, stagnant water =
pool and the type of substrate individual was found = sub.
along the first axis (Figure 4.7a), while the remaining stream-dwelling
species were separated from one other along the second axis. NMDS 1
was associated with distance from rocks, pools and height above water
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Figure 4.4: Plots of the first and second NMDS axes for amphibian species found
in plantation streams and randomly selected sites (a, c and e). Full scientific
names for each species and their corresponding abbreviations, labelled within
each object, are found in Appendix A.1 of this thesis. Labels represents the
centroid for each object, with random locations labelled as ”R”. Plots on the
right hand side are environmentally fitted vectors for the corresponding species
(b, d and f). The length and angle of each vector represents the strength
and direction of association. Variables measured with stream plots include
horizontal distance (cm) to closest leaf litter = litter, log/buttress = log, large
trees = tree>50, small trees = tree<50, height above ground = height, rock =
rock, moving water = riﬄe, stream bank = bank, sand mound = sand, stagnant
water = pool and the type of substrate individual was found = sub.
(Figure 4.7b). According to the ordination, H. labialis preferred to be
higher above water, but close to pools. The separation between L. blythii
and P. aspera adults along the second axis indicated the preference of P.
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Figure 4.5: Plots of the first and second NMDS axes for amphibian species found
in forest terrestrial and randomly selected sites (a and c). Full scientific names
for each species and their corresponding abbreviations, labelled within each
object, are found in Appendix A.1 of this thesis. Labels represents the centroid
for each object, with random locations labelled as ”R”. Plots on the right hand
side are environmentally fitted vectors for the corresponding species (b and d).
The length and angle of each vector represents the strength and direction of
association. Variables measured with stream plots include horizontal distance
(cm) to closest leaf litter = litter, log/buttress = log, large trees = tree>50,
small trees = tree<50, height above ground = height, rock = rock, foliage =
seed, closest water course = water, the type of substrate individual was found
= sub and the type of closest water source = type.
aspera for areas with more leaf litter. Plantation stream-dwelling amphib-
ians also showed significant habitat partitioning (Table 4.4), along the
NMDS 1 axis (Figure 4.7c). Fejervarya nicobariensis was associated with
increasing height and decreasing distance to large trees, in contrast to in-
dividuals from the F. limnocharis species (Figure 4.7d). There were no
strong associations between Hylarana erythrea and any variables measured
during this study (Figure 4.7c).
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Figure 4.6: Plots of the first and second NMDS axes for amphibian species found
in plantation terrestrial and randomly selected sites (a, c and e). Full scientific
names for each species and their corresponding abbreviations, labelled within
each object, are found in Appendix A.1 of this thesis. Labels represents the
centroid for each object, with random locations labelled as ”R”. Plots on the
right hand side are environmentally fitted vectors for the corresponding species
(b, d and f). The length and angle of each vector represents the strength
and direction of association. Variables measured with stream plots include
horizontal distance (cm) to closest leaf litter = litter, log/buttress = log, large
trees = tree>50, small trees = tree<50, height above ground = height, rock
= rock, foliage = seed, closest water course = water, the type of substrate
individual was found = sub and the type of closest water source = type.
Forest terrestrial-dwelling amphibians showed significant habitat parti-
tioning (Table 4.4) along the first and second axis (Figure 4.8a). Hylarana
labialis individuals showed a preference for streams, and located higher
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Table 4.2: Results of ADONIS tests, comparing habitats occupied by each
amphibian species with randomly selected sample of all available habitat.
Species VS Random Df Pseudo-F P-values
Forest stream
Hylarana labialis 73 4.74 0.001
Limnonectes blythii 25 4.26 0.001
Phrynoides aspera 15 2.93 0.001
Plantation stream
Fejervarya limnocharis 18 5.44 0.001
Hylarana erythrea 40 4.40 0.001
Fejervarya nicobariensis 21 3.02 0.001
Forest terrestrial
H. labialis 17 1.46 0.16
Microhyla mantheyi 17 6.54 0.001
Plantation terrestrial
F. limnocharis 116 98.7 0.001
Kaloula pulchra 87 5.51 0.002
Microhyla heymonsi 74 4.18 0.015
Table 4.3: Stress values and number of dimensions (k) generated from con-
structing Non-metric Multidimensional Scaling ordinations of Euclidean dis-
tance matrix of microhabitat features between locations of diﬀerent amphibian
species
Site Stress k
Stream
Forest 0.178 2
Plantation 0.138 2
Terrestrial
Forest 0.134 3
Plantation 0.149 3
in the habitat space compared to Microhyla mantheyi, which showed a
higher aﬃnity to temporary pools and was located closer to the ground
(Figure 4.8b). Additionally, H. labialis individuals were further away from
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Figure 4.7: Plots of two dimensional NMDS ordinations of commonly found
species in forest (a) and plantation (c) streams, with corresponding microhabi-
tat variables measured for each individual ((b) and (e), respectively). Full sci-
entific names for each species and their corresponding abbreviations, labelled
within each object, are found in Appendix A.1 of this thesis. Labels represents
the centroid for each object. The length and angle of each vector represents the
strength and direction of association. Variables measured with stream plots in-
clude horizontal distance (cm) to closest leaf litter = litter, log/buttress = log,
large trees = tree>50, small trees = tree<50, height above ground = height,
rock = rock, moving water = riﬄe, stream bank = bank, sand mound = sand,
stagnant water = pool and the type of substrate individual was found = sub.
streams, while M. mantheyi individuals were found close to pools (Figure
4.8b). Plantation terrestrial-dwelling amphibians also showed significant
habitat partitioning (Table 4.4), however, the separation between species
was less distinct compared to its forest counterpart (Figure 4.8c). The first
axis represented a gradient of increasing height and substrate, but with a
negative association with large trees and undergrowth. The species found
within these plots were separate along this gradient (Figure 4.8c). Fejer-
varya limnocharis individuals preferred to be higher in the habitat space,
compared to the other species within the same habitat. Microhyla hey-
monsi showed an association for temporary pools (water type associated
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Figure 4.8: Plots of two dimensional NMDS ordinations of commonly found
species in forest (a) and plantation (c) terrestrial plots, with corresponding
microhabitat variables measured for each individual ((b) and (e), respectively).
Full scientific names for each species and their corresponding abbreviations,
labelled within each object, are found in Appendix A.1 of this thesis. Labels
represents the centroid for each object. The length and angle of each vector
represents the strength and direction of association. Variables measured with
stream plots include horizontal distance (cm) to closest leaf litter = litter,
log/buttress = log, large trees = tree>50, small trees = tree<50, height above
ground = height, rock = rock, foliage = seed, closest water course = water,
the type of substrate individual was found = sub and the type of closest water
source = type.
with NMDS 2), but not strongly associated with variables represented by
the first axis (Figure 4.8d).
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Table 4.4: Results of ADONIS tests, comparing habitats partitioning between
commonly detected species found per habitat and plot type.
Species VS Species Df Pseudo-F P-values
Forest stream
Hylarana labialis vs Limnonectus blythii 53 10.5 0.001
H. labialis vs Phrynoides aspera 46 6.52 0.001
L. blythii vs P. aspera 22 3.20 0.001
Plantation stream
Fejervarya limnocharis vs Fejervarya nicobariensis 21 8.43 0.001
F. limnocharis vs Hylarana erythrea 28 2.96 0.007
F. nicobariensis vs H. erythrea 30 3.22 0.004
Forest terrestrial
H. labialis vs Microhyla mantheyi 20 2.98 0.011
Plantation terrestrial
F. limnocharis vs Kaloula pulchra 90 11.5 0.001
F. limnocharis vs Microhyla heymonsi 104 6.44 0.001
K. pulchra vs M. heymonsi 73 5.60 0.001
4.4 Discussion
Morphology of species found in both habitats showed characteristics that
were associated with the various microhabitat features of the overall habi-
tat. Furthermore, there were similarities in morphological characteristics
of amphibian species found in both habitat types, which reflected the sim-
ilarities of corresponding habitat associations. For example, the morpho-
logical similarity between Hylarana labialis and Fejervarya nicobariensis
(i.e. enlarged toe discs) was also reflected in the similarity of their habitat
associations (i.e positive correlation with increasing height above ground
and trees). Therefore, even though the two habitats are categorically
diﬀerent based on macrohabitat variables, seen in Chapter 2, species in
plantations have similar adaptations to those of their forest counterpart,
indicating that there may be similar microhabitat features between habitat
types. Even though we did not test for evidence of direct replacement, the
similarity in ecomorphology and subsequent habitat associations (height
and the use of trees as perch sites along streams) indicates the possibility
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of species more adapted to disturbances occupying the habitat spaces of
less tolerant species that were lost after conversion.
Microhabitat associations and apparent partitioning in my forest site
was consistent with other studies of Southeast Asia amphibians (Keller
et al., 2009; Gillespie et al., 2005). The only species that lacked associa-
tion with any of the variable measures were Hylarana labialis away from
streams. The lack of associations for this species was not, however, indica-
tive of forest terrestrial sites being less structurally heterogeneous, as the
other species found in the same habitat space showed associations with
specific microhabitat features. In addition, when I compared the micro-
habitats used by the two forest terrestrial site species, these were separated
based on height and small trees. The pattern seen for H. labialis possibly
reflects breeding preferences, as only the adults found along the streams
showed microhabitat associations. Those away from streams were mainly
juveniles (A. Faruk, pers obs.) and exhibited the ability to utilize all the
available habitat space away from streams, as they failed to show any sep-
aration from random locations. Diﬀerences in habitat utilization based
on life-stages emphasizes the 3-dimensional nature of a habitat. A single
species may be able to utilize the same habitat space with another dur-
ing a certain stage, for example, during breeding, but show evidence of
partitioning at other times. This was also seen in amphibian species of
plantation sites, where each species exhibited associations and partition-
ing between species, but were known to breed in deep temporary pools
based on work done in Chapter 3.
Two of the three species found in plantation streams showed a pref-
erence for open areas (away from litter or trees). I am aware that the
detection probability in open areas can be substantially higher compared
to areas with dense undergrowth (Schmidt, 2003) leading to higher num-
bers of individuals shown to be associated with characteristics of open
areas. However, if there was sampling bias and detection uncertainty, I
would expect similar patterns for forest stream amphibians (away from
trees or vegetation). Instead, I detected strong associations with vegeta-
tion in forest streams. Similarly, species found in terrestrial plots, where I
would expect that the eﬀects of detection uncertainty would be strongest,
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show strong correlations with large trees and undergrowth. It is possible
that open areas provide more opportunities to find mates or prey, however,
this association with open spaces is most probably a byproduct of plan-
tation management. Due to the possibility of the stream bank collapsing,
palms are not planted close to streams and trees and litter are not typi-
cally found along plantation streams (A. Faruk, per. obs.). As a result,
large stretches of streams within plantation sites are open areas with little
or no woody vegetation along streams. The lack of structural complexity
was not universal for plantation stream plots, as Fejervarya nicobariensis
was associated with vegetation along plantation streams and was parti-
tioned from the other two along a height gradient. Although found in
other disturbed habitats (Onn et al., 2010), Fejervarya nicobariensis was
found more commonly in the plantation that had a degree of riparian veg-
etation along its streams, illustrating how structural complexity may vary
within, as well as among habitats.
Although species along plantation streams were found to associate with
open areas, the same could not be said for species found in plantation ter-
restrial plots. Here, the species I studied were partitioned along the axis
associated with foliage and trees (in this case, palms). The only other
study of oil palm plantations and amphibian diversity failed to detect any
species from the Microhylidae family (Gillespie et al., 2012). However,
microhylids, a group of amphibians typically associated with leaf litter,
were present in plantations studied here, exhibited habitat partitioning
and readily bred within the available temporary pools (refer to Chapter
3). A possible explanation for the disparity between this and the Gillespie
study could be down to the absence of the particular species of microhylids
commonly found in my system in Borneo, but there could also be diﬀer-
ences in the structure or management among plantations between our two
studies. Indeed, studies have shown how structural diﬀerences between
diﬀerent altered habitats can aﬀect species richness and individual densi-
ties (Vallan, 2002).
In summary, amphibians in both habitats showed morphological adap-
tations that corresponded to their chosen microhabitat features, which can
be similar even when the overall habitats are starkly diﬀerent. Although
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terrestrial areas within the plantations studied hinted at some degree of
structural heterogeneity, species mainly associated with open areas seen
along plantation streams indicates a growing concern about heterogeneity
along streams. In order to increase diversity, especially of small bodied
organisms, subtle details such as the incorporation of woody vegetation
and leaf litter cover could provide suﬃcient structural complexity within
plantation sites. Additionally, for each organism type, managed habitats
will still need to fulfill the requirements for sustaining a population, i.e.,
providing shelter, nourishment, and suﬃcient space.
Chapter 5
Eﬀects of habitat conversion on
amphibian health
5.1 Introduction
As demands from the ever growing human population increases, habitat
loss, which constitutes habitat conversion as well as habitat destruction,
is also increasing (Wanger et al., 2009). Changes in the structure of nat-
ural landscapes are not only detrimental on species dependent on such
natural resources (Todd & Rothermel, 2006; Devictor et al., 2008), but
can also lead to changes in important processes, including those between
hosts and parasites (Walsh et al., 1993; McKenzie, 2007). In light of such
rapid changes to the natural environment, and the widespread emergence
of human and wildlife diseases, determining how habitat alteration af-
fects host-parasite interactions are becoming increasingly important (Ko-
privnikar et al., 2012). Habitat loss, infection and disease are factors
linked with wild population declines and can act synergistically, but not
all infections result in measurable pathology. For example, infection with
macroparasites (e.g. helminths and certain arthropods) typically exhibit
intensity-dependent pathology, however, the impacts on the individual
host are not straightforward, and therefore, the eﬀects on the overall host
population can be hard to predict (Albon et al., 2002; Holmstead et al.,
2005). In contrast, certain microparasites (e.g. viruses, fungi, bacteria,
and protists) can have direct, detrimental eﬀects on the infected host,
which in extreme cases lead to high mortality rates within the overall
population (Gray et al., 2009; Kilpatrick et al., 2010).
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The impact of habitat loss on natural wildlife populations range from
severe population declines to subtle changes in abundance (Struebig et al.,
2008; Turner & Foster, 2008; Wanger et al., 2010; Gillespie et al., 2012).
Therefore, the resulting eﬀects of habitat change on parasite infection
may also be as complex, due to the intimate link between parasites and
their hosts (Bush et al., 2001). Additionally, diﬀerent transmission modes
(i.e. the presence or absence of diﬀerent hosts) exhibited by parasites
can further complicate matters. For example, many microparasites that
are directly transmitted between hosts exhibit a density-dependent trans-
mission, which can eventually be eliminated in small and scattered host
populations (Peterson et al., 1998). In contrast, macroparasites and infec-
tions (typically sexually transmitted or vector-bourne diseases) exhibiting
frequency dependent transmissions are not usually aﬀected by population
size/density, but instead, by the proportion of available hosts, so in theory,
should be able to persist in small host populations (Lockhart et al., 1996;
Antonovics et al., 1995; Ryder et al., 2007). As well as having an aﬀect on
host population size, habitat alteration can also lead to substantial changes
in host species richness and/or community composition (Struebig et al.,
2008; Wanger et al., 2010; Harrisson et al., 2012). Changes in host species
richness can have an eﬀect on host-parasite dynamics as most pathogens
are known to cross the species barrier (Woolhouse et al., 2001). A number
of studies have shown that the inclusion of a shared host can be beneficial
to either one or both hosts as it decreases the proportion of infected indi-
viduals (Ostfeld & Keesing, 2000; Dobson, 2004). Having multiple hosts
may, alternatively, increase the likelihood of disease-induced extinctions
of the host species through the presence of reservoirs hosts (de Castro
& Bolker, 2005). Therefore, host species richness can influence parasite
dynamics by diluting the eﬀects of infection or sustaining the parasite,
driving the host species to extinction. Shifting the natural balance of a
particular host community can increase the threat of transmission from
a resistant host species to a vulnerable host species (Patz et al., 2000;
LoGuidice et al., 2003). In addition, changes in the host community can
also change the population dynamics of parasites with complex life cycles
through the addition or removal of intermediate or final hosts. Therefore,
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the impact of habitat alteration on host-parasite dynamics can be complex
and ambiguous.
Amphibians are themselves predators and also serve as prey to larger
predators therefore they have the potential to act as intermediate and/or
definite hosts to a range of parasite species. Individual amphibians have
also shown to support a variety of parasite species at any one time, with
several thousand individual parasites being reported in some individuals
(Sutherland, 2005; Schotthoefer et al., 2011). Altering natural habitats
has been shown to aﬀect amphibians (Gardner et al., 2007b; Ofori-Boateng
et al., 2012; Gillespie et al., 2012), but the patterns are not straightforward.
Changes in community composition have been reported in all cases, but
some studies also report a substantial reduction in species richness and/or
abundance (Gardner et al., 2007b; Gillespie et al., 2012), whereas others
do not (Faruk et al., in press). Additionally, the distribution of amphib-
ians within the altered habitat may not be uniform, with certain areas
being made more unsuitable for amphibians than others (Faruk et al., in
press). Due to the relationship between abundance and diversity of host
and its parasite, the patterns of infection of amphibians within a rapidly
changing landscape may be distinctly diﬀerent from those found in natural
populations and not necessarily uniform across the altered habitat.
In Southeast Asia, habitat loss is mainly driven by agriculture, more
specifically, oil palm cultivation (Donald, 2004; Koh, 2007; Koh &Wilcove,
2008). The value of this commodity to Southeast Asian countries is ob-
vious, as it provides stable income, sustains valuable infrastructure and
improves the overall economy (Koh & Wilcove, 2008). However, it has
been shown to have a negative eﬀect on local biodiversity (Chung et al.,
2000; Bru¨hl & Eltz, 2010; Gillespie et al., 2012). To date, the majority of
host-parasite studies based in oil palm plantations are generally directed
towards oil palm pest management or human vector-bourne diseases, such
as malaria or dengue fever (Chang et al., 1997; Pluess et al., 2009; Ntsefong
et al., 2012; Mahadi et al., 2012). Although such studies are important in
maintaining high yields and the health of those working within and around
plantations, the eﬀects this commodity has on natural ecological relation-
ships, such as host-parasite systems, are mostly unknown. Relationships
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between parasite infection and agriculture are known from other habitats
where certain agricultural practices (e.g. eutrophication, pesticide use,
etc) have been found to aﬀect amphibian infection from parasites such as
trematodes and digeneans (Kiesecker, 2002; McKenzie, 2007; Rohr et al.,
2008). Amphibians seem to be an ideal candidate for exploring this ques-
tion, as they are found in both disturbed and undisturbed habitats, have
shown to be aﬀected by agricultural practices listed above and hosts to
a range of parasites with direct and indirect life-cycles (McKenzie, 2007).
In addition to identifying the eﬀects of changing parasite patterns on am-
phibian hosts, the complex life cycles of many parasites can make them
potential bioindicators for environmental changes (Hudson et al., 2006;
Koprivnikar et al., 2012).
In this study I compare parasite prevalence, intensity, frequency dis-
tribution and community composition in amphibian hosts between forest
and plantation sites for two microparasite species and a community of
macroparasites. The microparasites I studied were the highly virulent
fungus Batrachochytrium dendrobatidis (Bd) and the gut fungus Basid-
iobolus ranarum. Bd has been linked to species extinctions and declines of
natural amphibian populations (Garner et al., 2005; Pounds et al., 2006),
but studies focusing on Asian amphibian have yet to show evidence of ex-
tensive population declines or morbidity associated with infection, despite
it being detected in nearby countries (Kusrini et al., 2008). Bd typically
infects the keratinized skin of amphibians and is a generalist amphibian
pathogen. This particular fungus causes mortalities directly by aﬀecting
osmoregulation leading to cardiac arrest (Voyles et al., 2009), or indirectly
by deterioration of the hosts body condition and hinder feeding (Berger
et al., 2005). Host-pathogen dynamics for this particular parasite is also
largely environmentally dependent (Piotrowski et al., 2004; Kriger et al.,
2007; Voyles et al., 2009). There have not been any studies that link Bd
emergence and agriculture, however, infections have been detected in frogs
farmed for food and associated with the amphibian trade (Mazzoni et al.,
2003; Schloegel et al., 2009).
B. ranarum is not widely researched, despite it often being prevalent
in the environment and, on occasion, infecting humans (Henk & Fisher,
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2012). It is not known to be a strict amphibian pathogen, but possibly
a pathogen of invertebrates, thus, its existence within amphibian guts
is probably due to ingestion of infected prey or passive ingestion of soil
(Henk & Fisher, 2012). Additionally, B. ranarum’s ability to infect hu-
mans and herpetofauna makes it an important pathogen to monitor in
terms of transmission to those working and living within plantations (Joe
et al., 1956). As both B. ranarum and Bd are known host generalists,
I would hypothesize that if present within my system, they would infect
more than one amphibian species. In terms of Bd, I would predict a low
prevalence in forest hosts, as the only study that detected Bd within their
sample of forest amphibian species found a 4-14% prevalence across four
families of which over 100 individuals were sampled (Savage et al., 2011).
The increase in human movements between and within plantation sites
would increase the probability of plantation amphibians being infected by
Bd, which make me predict that prevalence within plantations would be
higher than that of forest hosts. B. ranarum, in contrast, would show a
higher prevalence and intensity in forest amphibians, as its mode of trans-
mission involves insects and past studies on invertebrate diversity and
abundance within oil palm plantations revealed a reduced invertebrate
abundance compared to forested habitats (Turner & Foster, 2008).
The macroparasites I studied were endoparastic nematodes, a phylum
with approximately 5, 800 parasitic species (Bush et al., 2001). Nematodes
exhibit both direct and indirect life-cycles, the latter needing the presence
of one or more intermediate hosts. Those with direct life-cycles typically
infect their amphibian hosts either through oral or percutaneous transmis-
sion. Additionally, nematode parasites may use amphibians as paratenic
hosts, where no development takes place, or as intermediate hosts, where
development does take place and the host is obligatory for the parasites
life cycle (Bush et al., 2001). I predict that patterns of prevalence and in-
tensity of nematode parasites with indirect life-cycles should be similar to
B. ranarum between the two habitats, with lower parasitism in plantations
due to lowered transmission. Nematodes with direct life-cycles, however,
should show similar patterns of infection between forest and plantation
sites, as abundance and species richness of amphibians were comparable
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between habitat types (Chapter 2). In terms of parasite diversity, I would
expect a higher diversity in forest sites, as there should be a greater range
of hosts within such systems compared to plantation sites. In addition
to this, I would also expect a distinct parasite community in each habi-
tat type, as reflected in the distinct host communities between forest and
plantation sites.
5.2 Method
Data collection
Study site descriptions and amphibian survey methodology are outlined
in the Method section of Chapter 2. I originally planned to collect 40
individuals of the same amphibian species in both oil palm plantation
and forest sites. However, due to the distinct community composition be-
tween habitat types (Chapter 2), I decided to concentrate on four separate
species (two from forest and two from plantation). Species chosen for this
comparison were from the same family with similar habitat preferences (1
stream and 1 leaf litter species for each habitat).
At point of capture, I took superficial skin swabs for all individuals
using the standard swabbing protocol set out by Hyatt et al (2007). Fresh
sterile gloves were used for each individual to avoid cross contamination.
Swabs were refrigerated and transported back to the Institute of Zool-
ogy laboratory for quantitative-PCR (qPCR) following the techniques de-
scribed by Boyle et al (2004). After swabbing frogs were placed in in-
dividual plastic bags, each bag being labelled with the date of capture,
placed in a cooler box and transported to the University Malaya labora-
tory for further processing. Most frogs were processed within 24 to 48
hours. Once at the laboratory, individuals were housed individually in
(30x19x20) cm plastic vivariums. Faecal samples were collected using a
sterile micro spoon and placed in a sample pot filled with distilled water.
Each pot was labeled with the source amphibian species name, location of
capture and date of capture. Labeled pots were sent to Dr Daniel Henk
of Imperial College London for the isolation and culturing of Basidiobolus
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ranarum.
After faecal sample collection, frogs were euthanized by firstly sedating
with 0.1% diluted MS-222, after which 0.2ml MS-222 (250mg/l) was in-
jected into the body cavity using a fine gauge 1.0ml insulin needle. After
death was confirmed I determined the sex of each individual and took sev-
eral morphological measurements (snout-vent length, crus length, length
of longest toe, thigh length) using a Vernier caliper to the nearest 0.1mm.
Euthanized individuals were then inspected for skin lesions or abnormal
growths. The viscera was carefully dissected out of the body cavity and
placed in a petri dish filled with a 10% dilution of saline solution. The
tongue, body cavity and leg muscles were inspected using a stereo mi-
croscope and I extracted any nematodes I detected. The throat, heart,
lungs, stomach, liver, large and small intestine and duodenum were all
dissected and examined for the presence of nematodes using a pair of soft
tip tweezers under a stereo microscope.
Nematodes collected from each individual host were initially catego-
rized as small (<5mm) and large (>5mm), separated based on their lo-
cation within the host and were stored in 70% ethanol solution for genus
identification at a later date. Before identifying each nematode, I placed
those classified as small directly on a drop of pure glycerol on a microscope
slide and left for 20 minutes to clear their outer cuticle. Large nematodes
were placed in a solution of creosote for 10 minutes to clear their cu-
ticle and each one transferred onto a drop of glycerol on a microscope
slide. Each slide was placed under a light microscope and a collection of
keys compiled and edited by Anderson and colleagues (2009) were used
to identify nematodes to genus level or as close to genus level as possible.
Magnification of the light microscope for nematode identification varied
depending on the size of each nematode (63x, 250x or 400x).
Data analysis
All statistical analyses for this chapter were carried out using R (R Devel-
opmental Team, 2012). Quantitative descriptors for amphibian parasites
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were used based on definitions provided by Bush et al (1997) and rec-
ommendations by Ro´zsa et al (2000). As the Basidiobolus dataset was
in the form of absence/presence, only prevalence was reported. Observed
prevalence was calculated for both Basidiobolus and nematode datasets.
Prevalence comparisons between forest and plantation hosts were done
separately for Basidiobolus and nematode datasets, using Fishers exact
test. Mean intensity (the arithmetic mean of individual parasites per in-
fected host) for each nematode genus was calculated per species and habi-
tat type. I used a measure of intensity, as opposed to abundance (number
of individual parasite per examined host), as intensity is not strongly in-
fluenced by sample size, varies independently from prevalence and tends
to be less skewed than abundance distributions, allowing for calculations
of confidence intervals to be more precise and informative (Ro´zsa et al.,
2000). Direct comparisons between forest and plantation nematode inten-
sities were done by bootstrapping nematode intensities per habitat type
(1999 bootstrap replicates) and performing a t-test. Confidence intervals
for prevalence and intensity were calculated using the adjusted bootstrap
percentile (BCa), a form of nonparametric bootstrap confidence interval
method, which deals with small sample sizes and non-normal distributions
(Fox, 2002). For each morphological characteristic, I compared variances
between forest and plantation amphibian hosts using F-tests. The mean
morphological diﬀerences were compared for each species using the Welch
two sample t-test, which takes into account samples with unequal vari-
ances.
Frequency distributions of nematodes were generated for each host
species. A corrected moment estimation of k (derived from the negative
binomial distribution models for each host species) was used to measure
the degree of parasite aggregation, a method that has shown to vary least
with mean parasite load and sample size (Gregory & Woolhouse, 1993). A
large value of k (typically >10) would indicate that the distribution con-
verges to a Poisson or random distribution. As k gets smaller, the parasite
distribution becomes more aggregated (as variance becomes greater than
the mean), and highly aggregated distributions typically have values of
k=1 (Wilson et al., 2002).
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To identify the eﬀects of habitat, host type and body size on parasite
prevalence and intensity, generalized linear models (GLMs) were used. I
generated models with binomial errors for prevalence data. Zero-truncated
generalized linear models were generated with the intensity models, with
either poisson errors or negative binomial errors if the model showed
overdispersion (Venables & Ripley, 2002, R package MASS) for inten-
sity data. Before model construction, I looked for correlations between
morphological measurements (snout-vent length, crus length, toe length,
thigh length) and used a principal component analysis (PCA) to iden-
tify the variable associated with the first principal component to be used
in both models. I used zero-truncated GLMs for the intensity dataset
because this dataset does not include zero counts. Parameter estimates
between a truncated and non-truncated negative binomial can vary sub-
stantially, especially when the majority of the data has values close to
zero (intensities of 1 to 5 nematodes). As 70% of the infected hosts had
fewer than 5 nematode counts, I decided to initially compare the truncated
(Yee, 2012, R package VGAM) and non-truncated models. Comparisons
between the two parameter estimates showed no large disparities between
the two methods (refer to Appendix G.1). As diﬀerent hosts were collected
for forest and plantation sites, I decided to use host family (Microhylidae
and Dicroglossidae) as the explanatory variable for both the prevalence
and intensity models as opposed to host species. This would allow me to
identify a host eﬀect without being confounded by habitat eﬀects. The ini-
tial models (prevalence and intensity) included habitat type, host sex, host
family, host snout-vent length and two-way interactions for all variables.
Similar models were used to identify eﬀects of each explanatory variable
on prevalence and intensity of parasites typically exhibiting direct and in-
direct life-cycles. For the prevalence models, explanatory variables were
dropped sequentially without replacement and I compared models using
a Chi-square test within the anova() function in R to obtain the minimal
adequate model (Crawley, 2007). Intensity models were selected by com-
paring AIC values of each model after dropping explanatory variables, also
without replacement. In this case, interaction terms were dropped from
the model first and left out if AIC values did not increase more than 2
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units.
Nematode diversity for each host and habitat type was calculated us-
ing the Brilluoins diversity index, as it takes into account biased sampling.
As I only collected a subset of hosts within each habitat type (forest=2
host species, plantation=2 host species), the resulting parasites collected
would be biased towards those associated with the host species collected
(Dyke, 2008). Brillouins evenness index was used to calculate evenness
for habitat and host type. Finally, diﬀerences in community composition
between habitat and host type were analyzed using a permutational mul-
tivariate analysis of variance (PerMANOVA). Before the PerMANOVA
analysis, the datasets were converted into a distance matrix using a vari-
ant of Morisita distance index (Horn-Morisita), which is typically used for
genuine count data. The same matrix used for the PerMANOVA was then
used to generate a Non-metric Multidimensional Scaling (NMDS) ordina-
tion diagram for further illustration. All functions for this analysis can be
found in the vegan package (Oksanen et al., 2012).
5.3 Results
The host species collected for parasite analysis were Limnonectes blythii
(Dicroglossidae; total number of individuals = 20) and Microhyla man-
theyi (Microhylidae; 18) from forest sites and Fejervarya limnocharis (Di-
croglossidae; 20) and Microhyla heymonsi (Microhylidae; 21) from planta-
tion sites. The two dicroglossid species are found in streams and riparian
areas of their respective habitat types, while the two microhylid species
were usually found amongst leaf litter away from permanent streams. All
of the species collected exhibited a 1:1 sex ratio, with one exception; a
higher percentage of males were present in the M. matheyi sample (Figure
5.1).
I failed to detect the presence of Bd from either forest or plantation
samples using qPCR techniques. We found 4 separate clades of B. ra-
narum within my samples and one undescribed species. On average,
61.3% of faecal samples contained B. ranarum and Clade 4 was most
prevalent overall. This was also the most prevalent clade in plantation
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Figure 5.1: Sex ratio of amphibians collected
hosts, whereas Clade 2 was the most prevalent in forest hosts. I only
found Clade 3 in forest hosts and plantation amphibians were infected by
the unknown species (Table 5.1). There were no significant diﬀerences in
the proportion of individuals infected by B. ranarum between forest and
plantation amphibians (Fisher exact test: p-value=0.695).
A total of 254 nematodes were extracted during the study, originating
from 9 genera that occur in 7 families. On average, 83.5% of amphibians
sampled were infected with nematodes. The nematodes were classified as
having direct or indirect life cycles on the basis of presence or absence of
adults with eggs and later confirmed by past literature. Parasite genera
that are typically known to exhibit a direct life-cycle are Rhabdias (Baker,
1979) and Oxysomatium (Anderson, 2001). The life-cycles of Maxvacho-
nia and Neoxysomatium are unknown, but based on the characteristics of
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their eggs, they are thought to have similar life-cycles to Oxysomatium
(Anderson, 2001). For all these directly transmitted parasite genera, I
found individuals bearing eggs within all the infected hosts. Chitwood-
chabaudia, Omeia, Abbreviata, Amplicaecum and Waltonella are parasites
typically exhibiting indirect life-cycles.
Parasites from the genus Maxvachonia were most prevalent, followed
by the genus Amplicaecum. There was no diﬀerence in overall nematode
prevalence between habitat types (Fisher exact test: p-value=0.991). As
with prevalence, Maxvachonia followed by Amplicaecum showed the high-
est mean intensities compared to the other nematode genera overall. Max-
vachonia was more abundant in infected forest hosts, while Amplicaecum
was more abundant in infected plantation hosts (Table 5.2). Bootstrapped
t-test results showed a significant diﬀerence in intensity between habitat
types (bootstrap t-test; t(35.9)=2.6172, p=0.008), with forest amphibians
having higher mean parasite intensity compared to plantation amphibians
(Table 5.2).
Nematode infections were more aggregated in plantation hosts com-
pared to their forest counterparts. Nematode distributions in Fejervarya
limnocharis and M. heymonsi gave a corrected moment estimate of k <
10, whereas parasites in Limnonectes blythii and Microhyla mantheyi had
a distribution that was close to random, with corrected moment estimates
of k >10 (Figure 5.2).
Snout-vent length did not diﬀer significantly between the two micro-
hylid or the two dicroglossid species, however, variances did diﬀer signif-
icantly between host families. The dicroglossid species from the forest,
Limnonectus blythii, was significantly more variable in snout-vent length
compared to the plantation dicroglossid species, Fejervarya limnocharis
(F-test: F(19,19)=2.78, p-value=0.03). In contrast, the microhylid species
showed the opposite pattern, with the plantation microhylid, Microhyla
heymonsi having a more variable snout-vent length than its forest counter-
part, M. mantheyi (F-test: F(16,20)=0.293, p-value=0.02). Forest species
had, overall, longer legs than plantation species (Figure 5.3b-c). Vari-
ations in thigh length were significantly diﬀerent between habitat types
(Dicroglossids: F-test: F(19,19)= 2.71, p-value= 0.04; Microhylids: F-test:
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Figure 5.2: Frequency distributions of nematodes per host type. Refer to Fig-
ure 5.1 in this chapter for location of host. The mean, sample size (n) and
distribution parameter corrected for sample size (k) added on the top right for
each corresponding host. These variables were then used to generate negative
binomial distribution curves, which were overlaid onto the frequency counts.
F(16,20)= 0.13, p-value < 0.01), but the amount of variation diﬀered be-
tween host family, as dicroglossids were more variable in forest, while
microhylids showed more variation in plantations. Where dicroglossids
did not show significant variation in foot length (F-test: F(19,19)= 1.76,
p-value= 0.225) or crus length (F-test: F (16,20) = 0.390, p-value= 0.06)
between habitat types, microhylids did (foot: F-test: F(16,20) = 0.191,
p-value < 0.01; crus: F-test: F(19,19)= 4.21, p-value < 0.01), with the
plantation species exhibiting a higher variation for both measurements.
The morphological measurements were highly correlated with one another
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Figure 5.3: Comparison of (a) snout-ventral length, (b) crus length, (c) thigh
length and (d) foot length of host species found in oil palm plantation (F.
limnocharis andM. heymonsi) and forest sites (L. blythii andM. mantheyi). Full
scientific names can be found in host names of Figure 5.1. Hosts measurements
were compared in pairs (F. limnocharis vs L. blythii; M. mantheyi and M.
heymonsi). The resulting p-values and degrees of freedom are included in the
figure above corresponding pairs. Thick lines represent median values with the
top and bottom of the boxes representing upper and lower quantiles. Dotted
lines illustrates the spread of the data (minimum and maximum values), while
open circles are outliers in the data.
(Table 5.3), and based on principal component analysis, snout-vent length
came out as most closely correlated with the first principal component
(Table 5.4).
I found a significant host family, host sex and host size eﬀect for over-
all parasite prevalence (Table 5.5). Microhylids had higher infection rates
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Table 5.3: Correlation coeﬃcients of morphological measurements of amphibian
hosts collected from forest and plantation sites. Snout-ventral length = SV,
thigh length = Thigh, crus length = Crus and foot length = Foot
Morphological measurement SV Thigh Crus Foot
SV 1.00 0.968 0.975 0.974
Thigh 0.968 1.00 0.977 0.974
Crus 0.975 0.977 1.00 0.975
Foot 0.974 0.974 0.975 1.00
Table 5.4: Loadings from principal component analysis of morphological mea-
surements of amphibian hosts found in forest and plantation sites
Morphological measurements PC1 PC2 PC3 PC4
Snout-ventral length -0.694 0.708 0.122 -0.058
Thigh length -0.327 -0.295 -0.507 -0.741
Crus length -0.371 -0.204 -0.615 0.665
Foot length -0.523 -0.609 0.592 0.068
(42%) compared to dicroglossids (32%), while a higher proportion of male
hosts were infected (48%) compared to females (25%). Based on the min-
imum adequate model, host body size had a positive relationship with
parasite prevalence (estimated coeﬃcient= 4.89 [SE 1.86]). The fitted
curve of parasite prevalence against host body size exhibits a typical logit
distribution (r-squared = 0.216), with prevalence increased rapidly up to
snout-vent length of 65mm, at which point the rate of change decreases to
a high prevalence value (Figure 5.4). The minimum adequate model for
parasites with direct life-cycles indicated a significant interaction between
habitat and host family (Table 5.5). A higher proportion of plantation
microhylid species (Microhyla heymonsi) were infected (20%), followed
by dicroglossid forest species (14%), dicroglossid plantation species (10%)
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Table 5.5: Model selection for generalised linear model with binomial errors of
parasite prevalence against habitat type (habitat), host sex (sex), host family
(family), host snout-vent length (sv) and interaction terms for all the variables.
Models were generated for overall parasites, parasites with direct and indirect
life-cycles. Table shows the variables dropped from the maximal model, the
deviance and degrees of freedoms of each model, including the Chi-square val-
ues and p-values from comparing models after dropping each variable without
replacement. N (number of individuals sampled)=79
Variable dropped Model Deviance Degree of Freedom Chi-square p-value
Overall Prevalence
none 70.2
family:habitat 66.5 1 0.092 0.761
family:sex 66.6 1 0.092 0.762
family:sv 68.2 1 1.62 0.203
habitat:sv 69.0 1 0.808 0.369
habitat:sex 71.3 1 2.25 0.133
habitat 74.0 1 2.75 0.097
sex 79.7 1 5.67 0.017
sv 86.4 1 6.71 0.010
family 91.5 1 5.08 0.024
Direct life-cycle Prevalence
none 95.3
habitat:sv 95.3 1 0.017 0.896
family:sv 95.9 1 0.608 0.436
sv 95.9 1 0.042 0.838
family:sex 97.8 1 1.86 0.172
habitat:sex 101 1 3.35 0.067
sex 102 1 0.419 0.517
family:habitat 107 1 5.67 0.017
habitat 108 1 0.926 0.336
family 109 1 1.05 0.306
Indirect life-cycle Prevalence
none 75.7
habitat:sex 75.7 1 0.008 0.928
family:habitat 75.8 1 0.039 0.844
family:sv 75.9 1 0.115 0.734
habitat:sv 77.3 1 1.43 0.232
family:sex 78.7 1 1.43 0.232
sex 80.3 1 1.54 0.214
family 82.8 1 2.54 0.111
sv 85.1 1 2.29 0.131
habitat 104 1 18.7 1.49e−05
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Figure 5.4: Graph showing fitted values (solid line) of the minimal model with
binomial errors generated using a GLM applied on parasite prevalence. The
x-axis is host snout-vent length (mm). Open circles are observed values.
and microhylid forest species, respectively (9%) (Figure 5.5a). A signif-
icant main eﬀect of habitat was found for prevalence of parasites with
indirect life-cycles (Table 5.5), with a significantly lower prevalence found
in hosts from plantation sites (8%) compared to those found in forest sites
(18%) (Figure 5.5b).
Based on the minimal adequate zero-truncated model, overall para-
site intensity was significantly aﬀected by habitat type and host snout-
vent length (Table 5.6). Forest species had higher parasite intensities
than those from plantation sites (Figure 5.6). Similar to overall parasite
prevalence, overall parasite intensity also showed a positive relationship
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Figure 5.5: Barplot showing the proportion of hosts infected by parasites with
(a) direct life-cycles and (b) indirect life-cycles. The minimal model for preva-
lence of parasites with direct life-cycles showed a significant habitat and host
family interaction. The minimal model for prevalence of parasites with indirect
life-cycles showed a significant main eﬀect of habitat (Refer to Table 5.5).
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with host snout-vent length (estimated coeﬃcient = 0.640 [SE 0.290]; r-
squared=0.207; Figure 5.7). I found a significant interaction between host
family and host snout-vent length against intensity of parasites with direct
and indirect life-cycles (Table 5.6). While the intensity of parasites with
direct life cycles was not significantly aﬀected by habitat, models of par-
asites with indirect life cycles did reveal a significant habitat eﬀect, with
low intensities seen in hosts from plantation sites (Figure 5.8). The fitted
model for intensity of parasites with direct life-cycles explained 64.7% of
the overall variation, with a positive relationship of microhylid body size
(estimated coeﬃcients=0.27 [SE 0.04]) and a negative relationship with di-
croglossid host body size (estimated coeﬃcients=-3.91 [SE 0.49]) (Figure
5.9a). Indirect life-cycle parasite intensity fitted model explained 20.8% of
the overall data variation, but exhibited the opposite pattern with direct
life-cycle parasites; a negative relationship with microhylid body size (es-
timated coeﬃcients=-0.19 [SE 0.11]) and a general positive relationship
with dicroglossid body size (estimated coeﬃcient=0.370 [SE 0.63]) after a
sharp increase of intensity at snout-vent length of 50mm (Figure 5.9b).
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Table 5.6: Model selection for zero-truncated GLMs of
parasite intensity against habitat type (habitat), host
sex (sex), host family (family), host snout-vent length
(sv) and interaction of independent terms. Models gen-
erated for overall intensity, intensity for parasites with
direct and indirect life-cycles. Table shows the variables
dropped from the maximal model, AIC values, ∆AIC
and log-likelihood. Model selection was done by drop-
ping each term and comparing AIC values. ∆AIC is the
diﬀerence between the AIC value of the previous model
and the current model, with a value of ≥ 2 taken as a
significantly worst fit to the data.
Variable dropped AIC ∆ AIC Log-likelihood
Overall intensity
Maximum model 263 -121
Max .-family:sex 262 -1 -121
Max .-habitat:sex 261 -1 -122
Max .-family:sv 260 -1 -122
Max .-habitat:sv 263 2 -124
Max .-habitat:family 262 -1 -124
Max .-sex 260 -2 -124
Max .-family 260 0 -125
Max .-habitat:sv 260 -1 -126
Max .-sv 262 3 -128
Direct parasite intensity
Maximum model 168 -74
Max .-family:sex 167 -1 -74
Max .-habitat:sex 165 -2 -75
Max .-sex 165 0 -76
Max .-habitat:sv 164 -1 -76
Max .-habitat:family 163 -2 -76
Continued on next page
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– continued from previous page
Variable dropped AIC ∆ AIC Log-likelihood
Max .-habitat 161 -2 -76
Max .-family:sv 198 37 -96
Indirect parasite intensity
Maximum model 102 -41
Max .-habitat:family 101 -2 -41
Max .-habitat:sex 101 1 -43
Max .-habitat:sv 99.2 -2 -43
Max .-family:sex 97.7 -2 -43
Max .-sex 98.4 1 -44
Max .-habitat 103 5 -48
Nematodes from plantation hosts showed a 26% higher diversity index
value compared to those infecting forest hosts. There was also a higher
evenness in nematode infection in plantation sites compared to forest sites.
However, the lowest diversity and evenness was found in Microhyla man-
theyi, while the other host species exhibited similar index values. There
was little diﬀerence in parasite diversity indices between male and female
hosts (Table 5.7). Community composition diﬀered significantly between
forest and plantation hosts (ADONIS: F(56,1)= 2.35, p-value=0.03). Par-
asite composition between host species were also significantly diﬀerent
(ADONIS: F(54,3)= 4.94, p-value<0.001). The lung parasite, Rhabdias
was only found in plantation host, specifically, Fejervarya limnocharis.
Neoxysomatium and Waltonella nematodes were found only in hosts from
forest sites, more specifically, Limnonectes blythii. Chitwoodchabaudia ne-
matodes were found only in the Microhylid host species (Figure 5.10).
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Figure 5.6: Boxplot of overall parasite intensity against habitat type (Forest
and Plantation). The thick line represents the median value, while the top and
bottom of the boxes represent the upper and lower quantiles, respectively. The
whiskers represent the spread of the data (minimum and maximum values),
with the open circles representing outliers in the data.
5.4 Discussion
I did not detect Batrachochytrium dendrobatidis infection from either of
the oil palm plantations or forest amphibians sampled. This implies that
Bd is either absent from the area or only present at a low prevalence. A
previous survey of amphibians across Peninsula Malaysia found ten out
of a sample of 127 individuals positively infected with Bd (Savage et al.,
2011). Some of the areas Savage et al surveyed were close to my current
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Figure 5.7: Graph showing fitted values (solid line) of the minimal model with
binomial errors generated using a GLM applied on overall parasite intensity.
The x-axis is host snout-vent length (mm). Open circles are observed values.
study sites and they found a positive infection from only one individual in
that area. On the basis of the results from this study and the data from
Savage et al in 2011 we can be reasonably confident that Bd was not highly
prevalent within my study system. In contrast to Bd, the other general-
ist microparasite, B. ranarum, along with endoparasitic nematodes, were
found to infect amphibians across both habitat types. A number of nema-
todes within my sample were found with developing eggs, but some were
not, indicating that the amphibian species used for this study functioned
as both intermediate and definitive hosts. Not all nematode genera ex-
hibited a generalist approach when it comes to host species. For example,
Rhabdias was only found in one of the plantation amphibian species and is
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Figure 5.8: Boxplot of intensity of parasites with indirect life-cycles against
habitat type (Forest and Plantation). The thick line represents the median
value, while the top and bottom of the boxes represent the upper and lower
quantiles, respectively. The whiskers represent the spread of the data (minimum
and maximum values), with the open circles representing outliers in the data.
the only nematode genus within the sample known to cause severe pathol-
ogy (Koprivnikar et al., 2012). The significant diﬀerences in parasite genus
composition fit with the predictions laid out in the introduction, as well as
emphasizing the need for studying the eﬀects parasites present in altered
habitats have on their host population.
The use of straightforward comparison analysis failed to detect subtle
host eﬀects on parasites. When additional information was added, par-
asite prevalence showed an association with several characteristics of the
host (host family, body size and sex). Overall intensity was also influenced
by the host, in terms of size. The results from my models suggests that
the important factor for a parasite is its immediate environment, i.e. its
host, rather than the overall habitat. There are a multitude of reasons
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Figure 5.9: Graph showing fitted values (solid and dashed lines) of the minimal
adequate zero-truncated model with poisson errors of intensity of parasites with
(a) direct and (b) indirect life-cycles. Relationships between parasite intensity
and host snout-vent length (mm) diﬀered between host family. Circles repre-
sented observed values. The lines and circles corresponding to each family are
found at the top right corner of each graph.
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Table 5.7: Total number of nematodes found, Maximum Brillouin Index, Bril-
louin Index and evenness of nematodes found in forest (Limnonectes blythii
and Microhyla mantheyi) and plantation (Fejervarya limnocharis and Micro-
hyla heymonsi) hosts
Host Nematode Brillouin Max Brillouin Evenness
count Index Index
Limnonectes blythii 99 1.40 2.04 0.69
Fejervarya limnocharis 30 1.19 1.81 0.66
Microhyla mantheyi 70 0.31 1.99 0.16
Microhyla heymonsi 42 1.24 1.89 0.66
Male host 169 1.50 2.08 0.64
Female host 148 1.40 2.03 0.72
Overall forest 92 1.33 2.09 0.69
Overall plantation 69 1.60 1.99 0.80
why host type may play an important part in the susceptibility to para-
site infection. For example, host body size followed a positive relationship
with parasite infection simply because of increased space for more para-
sites or increased transmission due to foraging and feeding, a pattern also
found in other host-parasite systems (Poulin, 2000; Kelehear et al., 2012).
Similarly, host sex and/or species can also greatly influence a hosts immu-
nity and therefore aﬀect both the probability of infection and its intensity
(Folstad & Karter, 1992; Poulin, 1996; Atkinson et al., 2000). When I
separated intensity of parasites based on life histories, both directly and
indirectly transmitted parasites showed an interaction between host family
and host body size, indicating that the relationship between intensity and
body size is dependent on host type, further emphasizing the importance
of host characteristics to all types of parasites. It must also be noted that
the pattern exhibited between directly and indirectly transmitted para-
sites diﬀered, for example, microhylid body size was positively associated
with intensities of directly transmitted parasites, but negatively associated
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Figure 5.10: Non-metric Multidimensional Scaling (NMDS) of parasitic nema-
tode assemblages in amphibian host species from forest (MMAN and LBLY)
and plantation (MHEY and FLIM) sites from the 2010 collection (final stress
value=0.107, number of dimensions=2). Open circles represents amphibian
host and distance on the ordination reflects dissimilarities in nematode assem-
blages based on Binomial coeﬃcients. Abbreviations in grey represent nema-
tode species, abbreviations in black represent amphibian host species (refer to
Appendix A.1 for full host species names and Appendix D for full parasite genus
names). Solid and dotted lines represent the standard errors and standard de-
viation for each host respectively.
with intensities of indirectly transmitted parasites. As directly transmit-
ted parasites generally exhibit density dependent transmission, parasite
intensity should increase with host densities, while indirectly transmitted
parasites typically exhibiting frequency dependent transmission would be
aﬀected by the frequency of infected individuals. Therefore, the diﬀer-
ences in relationships between intensity and host characteristics can diﬀer
drastically based on the life history of the parasite. It is then important
that both host and parasite characteristics are taken into account when
studying the eﬀects of habitat loss on host-parasite relationships.
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A number of authors have documented detrimental eﬀects of agricul-
tural conversion on amphibian body condition (Karraker &Welsh Jr, 2006;
Burgett et al., 2007; Brodeur et al., 2011). Such patterns were not evi-
dent in this study as body size variance for plantation amphibians was not
consistently less than forest hosts and measurements of body size for plan-
tation hosts were within the range of the norm for both species (Belabut,
2012, N. Ahmad, 2012, pers. comm). Additionally, directly transmitted
parasite prevalence and intensity models did not show a significant habi-
tat eﬀect, as predicted in the Introduction of this chapter. If we assume
that parasites with direct life-cycles in this study were driven by density
dependent transmission patterns, the comparable overall host abundance
values found in Chapter 2 between plantation and forest sites would ex-
plain the lack of diﬀerence in infection from these types of parasites. The
model of intensity for directly transmitted parasites did show a significant
habitat and host family interaction, indicating that parasite intensity was
dependent on what the host is as well as within which habitat. Although
the importance of host can be inferred from the model, as comparisons
between habitat types were made from the same family, the same inference
cannot be, confidently, made with habitat eﬀects. This is because I was
not able to compare the same species between diﬀerent habitats due to
host communities between the two habitats being so distinct. Therefore,
the eﬀect of host species and habitat could not be teased apart and any
inferences made based on a significant habitat term needs to be taken with
caution. For example, the overall intensity model and those of parasites
with indirect life cycles. If habitat was an important factor, the low over-
all intensity in plantation sites would imply that the agricultural practices
in oil palm plantations may not have a detrimental eﬀect on plantation
host immunity. As with body condition, this would contradict past stud-
ies made in other agricultural habitats (Christin et al., 2003; Rohr et al.,
2008), and would indicate that amphibians found in this habitat type
are able to cope with the current activities and management of oil palm
cultivation.
However, when both intensity and prevalence were separated based on
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parasite life-cycles, plantation sites exhibited low prevalences and inten-
sities of indirectly transmitted parasites. Although this may benefit the
individual amphibian, it might indicate a wider problem with agricultural
conversion. Indirectly transmitted parasites generally need one or two
intermediate hosts to complete their life cycle, typically including inver-
tebrates. An impoverished invertebrate fauna, which has been reported
previously in plantations (Turner & Foster, 2008), would lead to a re-
duced transmission of parasites with complex life-cycles to the amphibian
host. Additionally, it also implies a reduced amount of the definitive host,
usually birds, larger mammals or reptiles, within plantations. Parasites
with complex life-cycles usually produce eggs within their definitive hosts,
which are then passed to the first intermediate host via their faeces. The
parasite then infects as many intermediate hosts it needs to complete its
life-cycle, after which, the definitive host is again infected, typically by
ingesting the last intermediate host. One caveat to the suggestion that
this pattern is linked to transmission rates is the comparable prevalence
values of B. ranarum between forest and plantation sites. Although B.
ranarum is thought to be transmitted via ingestion of infected food, it has
been cultured previously from leaf litter and soil samples (Hutchison &
Nickerson, 1970). Therefore, it is possible that this pathogen might also
be directly transmitted via contaminated soil, and would then follow a
similar pattern as directly transmitted nematodes.
The impoverished definitive host fauna in plantation sites could also
explain the diﬀerence in parasite frequency distribution between the two
habitat types. The most common distribution found in both free-living
and parasite populations is an aggregated one (as seen in both planta-
tion host species). In terms of parasite infection, this would mean a large
number of hosts with low parasite loads, while a small number of hosts
with very high parasite loads (Bush et al., 2001). In contrast, the random
distribution patterns seen in both forest host species indicated that the
probability of infection for individuals in those species was relatively equal,
a pattern not commonly found in natural populations (Bush et al., 2001).
The most favoured explanation for the existence of this type of distribu-
tion pattern is from Williams (1987), which states that uniform infections
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are possibly due to regulation of parasites by the hosts immune system
through intraspecific competition. I am unable to say if this is the case for
my system, as along with not measuring immunity within hosts, a lowered
immunity in plantation hosts compared to forests hosts would contradict
the lowered intensity in plantation host species. Alternatively, hosts with
high macroparasite burdens can be ineﬀective in avoiding predators, evi-
dent in studies of other animal taxa (Moore, 2002; Hatcher et al., 2006),
which could lead to a lowered probability of sampling amphibians with
high burdens in forests sites, where predators are diverse and in higher
numbers compared to altered habitats (Peh et al., 2005; Azlan J, 2006;
Wanger et al., 2009).
As previously discussed, host characteristics are important factors af-
fecting parasite prevalence and intensity, and due to the habitat-host
species conundrum, significant habitat terms may actually be a signif-
icant eﬀect of host species. The problem then lies in transferring the
patterns seen from subsequent analyses across the general habitat. The
same can be said for parasite diversity measures, as a low diversity value
from a single species (Microhyla mantheyi) resulted in forest sites having
a lower parasite diversity compared to plantation sites. Due to the results
from this single species, a low parasite diversity value in forests may not
be a general pattern, as diversity is linked to a particular species. If we
then collect diﬀerent host species, diversity values may, then, diﬀer. Nev-
ertheless, converting natural habitats into oil palm has the potential to
change the amphibian community composition substantially (Chapter 2),
and if the patterns of habitat eﬀects are truly an eﬀect of species, then
the newly altered habitat will change in such a way as to reduce indirectly
transmitted parasite prevalence and intensity, but maintaining diversity
and infection of directly transmitted parasites.
Although this study is in no way exhaustive of the possible eﬀects
habitat loss would have on host-parasite relationships, it does reveal some
interesting results and identifies possibly ways in eﬀectively measuring
amphibian host-parasite relationships in agricultural habitats. For exam-
ple, host body condition and possibly immunity may not be ideal habitat
eﬀect measurements, as amphibians dominating fully established altered
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habitats are adapted to thrive in such environments. Similarly, parasite
diversity was shown to be aﬀected by host species and therefore, the re-
sults from this type of index cannot be transferred to the general habitat.
As with the study conducted on the host species (Chapter 2), this study
also indicated the danger of using direct comparison methods to measure
parasite prevalence and intensity across diﬀerent habitats. Direct com-
parisons failed to take into account the important eﬀects of the host and
associated characteristics. Additionally, the models from diﬀerent parasite
types is evidence of how host-parasite patterns can also diﬀer based on
the parasites life history. Hence, future studies will not only need to take
into account host characteristics, but also the characteristics of the par-
asite in question. This study shows how studying parasites may unveil a
wider problem altering habitats would have on ecosystems. Although the
study is limited based on the inability to compare similar species between
habitat types, the results support surveys done on other animal taxa in
the same system. The presence of parasites with complex life-cycles can
possibly indicate a highly diverse habitat, as well as suggest that diﬀerent
host groups are not isolated. Using non target species to obtain data of
target species is a viable possibility for wildlife monitoring. For example,
leeches have been discussed as a mammal monitoring tool (Schnell et al.,
2012) and the non-selective feeding of amphibians (Meharg et al., 1990)
could be a possible way for invertebrate surveys through stomach flushing.
The advantage of studying parasites with monitoring surveys in mind, is
the ability to monitor the presence and condition of multiple host species
within a particular ecosystem.
Chapter 6
Overall discussion
6.1 Discussion
6.1.1 Main findings
This project was undertaken to evaluate the impact of oil palm plantations
on amphibians in Peninsula Malaysia, with a general idea for improving
plantation management for overall amphibian diversity in mind. This dis-
sertation has compared diﬀerent biodiversity measurements between habi-
tat types, macro- and microhabitats associated with diﬀerent amphibian
species, identified the breeding habits of amphibians in plantations, along
with evaluating parasite infections of hosts found in both habitat types.
This study has showed how diﬀerent biodiversity measurements (species
richness, abundance and community composition) can give contrasting re-
sults. Oil palm plantations had comparable species richness and overall
abundance counts to forested areas, while amphibian communities were
consistently distinct across macrohabitats surveyed (stream, riparian, ter-
restrial). The types of amphibians found in plantation sites were species
readily found in other disturbed habitats. Although abundant species ex-
hibit spatial partitioning between each other, temporary pool breeding
species in plantation were not specific to that particular habitat. In ad-
dition, body condition and overall parasite prevalence did not show any
evidence of amphibians in plantations being adversely aﬀected by agri-
cultural practices, although the lowered amount of infection of indirectly
transmitted parasites indicated a wider problem within plantation sites.
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6.1.2 Limitations
A number of caveats need to be noted regarding the collection of studies
within this thesis. Firstly, in the overall survey, I did not detect any species
from the Rhacophoridae genus in my forest sites., even though species from
this genus have been found in the same area previously (Onn et al., 2010)
This highlights a universal problem in biodiversity surveys (Sewell et al.,
2010; Schmidt, 2003). Although I used species richness estimates that take
into account undetected species, such analyses do not identify the species
that were undetected, meaning that the community composition dataset
is by no means an exhaustive list of what could be present within the
habitats surveyed. Studies of a similar nature also showed much higher
estimates for species richness compared to the corresponding species list,
either through accumulation curves or statistical analyses (Struebig et al.,
2008; Gillespie et al., 2012). However, with such little overlap between
forest and plantation sites even after intensive-repeated surveys, this limi-
tation should not detract from the overall conclusion that the two habitats
had distinct amphibian communities.
Another source of weakness seen in the third chapter is the small sam-
ple size of forest pools. With a small sample size, any generalisations about
the overall structure of forest temporary pools based on this study need to
be treated with caution. Models of amphibian occupancy from forest sites
with varied detection probabilities did not converge, possibly due to sam-
ple size, which aﬀects the confidence of my detection probability estimates,
and therefore, occupancy estimates as well. The current study was also
unable to analyse the diﬀerence in breeding site selection between forest
and plantation amphibian species. If species from the two communities
showed preferences for a similar aspect of a pool, then I would be able
to argue that temporary pool breeders exhibit generalist behaviours when
it comes to breeding site choices. In addition, it would also be possible
to discuss the possibility of plantations providing potential breeding sites
for forest species. Alternatively, if forest species did show specificity to
forest pools, plantations may not be suitable for amphibian breeding and
discuss the plausibility of adding those chosen characteristics in plantation
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management schemes.
A low number of individuals in Chapter 4 limited my ability to ade-
quately describe microhabitat associations of all species within forest and
plantation communities. Therefore, only a subset of species were studied,
which can be a problem when trying to generalise the associated pat-
terns across the whole habitat. For those that were studied, the small
sample size can aﬀect the strength of the association with each microhab-
itat variable for that particular species and extreme values of one or two
individuals can aﬀect the outcome of the ordination.
Finally, in the last data chapter, a number of important limitations
need to be considered. The current study has only examined nematodes
at the genus level. This aﬀects the results, as some parasites may exhibit
host specificity and therefore, the patterns of species diversity and com-
munity composition between habitat types might be diﬀerent if nematodes
were to be identified to the species level. Another caveat in this chapter
is the confounding eﬀects of host species and habitat type. The inability
to tease out these two eﬀects led to diﬃculty in generalising the pat-
terns resulting from associated analyses across the overall habitat. These
include the low parasite intensity and low indirect parasite infection mea-
sures. However, if the lowered intensity of parasites overall in plantation
sites is associated with habitat, this would be consistent with the lack of
apparent amphibian body deterioration in these putatively less suitable
habitats. In addition, the lowered indirect parasite prevalence and inten-
sity are in agreement with surveys previously carried out on invertebrate
and predator abundance in altered habitats, which can also explain the
diﬀerence in parasite frequency distributions.
6.1.3 What has been achieved in this thesis?
The findings from this thesis have a number of important implications for
future monitoring schemes. One of which is the need to explicitly deter-
mine the definition of ”conservation value”. The surprising results from
Chapter 2 imply that oil palm cultivation does not adversely aﬀect am-
phibian communities in Peninsular Malaysia when these are assessed on
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the basis of species richness and abundance values. This contrasts with
past studies of biodiversity in the same system (Koh & Wilcove, 2008).
The diverse feeding strategies of tadpoles and specific microhabitat asso-
ciations of adults also suggest that plantations can support communities
without strong competition for resources. Additionally, amphibians in
plantations appeared to be reasonably healthy: there was no deterioration
of body condition, or any increase in overall parasite infection. Based on
these results, we could conclude that amphibians are common, relatively
diverse and healthy in plantation sites. However, if we define conservation
value as the presence of endemic species associated with forests, constant
heterogeneity between all macrohabitat types (streams versus terrestrial)
and a rich abundance of diﬀerent hosts within the same habitat, then
plantation sites fail to come up to such standards. There is, therefore, a
definite need for future studies to make clear definitions on what needs
to be conserved. On a personal note, I believe that maintaining natural
ecosystem functions, for example, by preserving functional diversity rather
than species richness, should be the main measure of conservation value.
Another important practical implication is identifying the proper
methodology at the right level. Whilst this study is by no means an exten-
sive one, the intensive nature of the surveys allow amphibian communities
to be compared at a variety of scales, and the conclusions reached vary de-
pending on the scale. For example, at the wider habitat level, abundance
values were similar between the two habitat types. However, the same
cannot be said at the macrohabitat level, where plantation streams had
considerably fewer amphibians than forest streams. Amphibian species
richness was also comparable at all levels. The surprisingly high diversity
in plantation sites may lead to diﬃculty in identifying significant habitat
eﬀects at the microhabitat level, as amphibians in plantations exhibited
similar ecomorphologies with forest species, which in turn may lead to
similar microhabitat associations. Therefore, comparing microhabitats
between plantation and forest species may not be advisable for future
monitoring studies. Community composition, however, did show signif-
icant and important diﬀerences at the overall habitat and macrohabitat
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levels. At the wider habitat level, plantations provided structurally ade-
quate pools for amphibians, but amphibians in this area were generalist
breeders and it appears that specialist breeders found in forests may not be
able to utilize the same pools. A more comprehensive result was also found
when nematodes were separated based on life histories. In addition, using
statistical models that took into account additional terms that may aﬀect
parasite infection ensures that we are interpreting the data correctly. In
conclusion, using overall comparison analyses can be misleading, as these
types of comparisons can fail to detect the subtle diﬀerences that can make
a major diﬀerence in the way plantations are monitored and managed in
the future. Future monitoring schemes should take into account the scale
at which research should be conducted and utilize statistical tools that
would enable researchers to answer a particular question correctly.
As the expansion of altered habitats throughout Southeast Asia pro-
gresses, research on the amphibians living in these habitats should also
be ongoing. This study adds to the understanding of the breeding habits
and host-parasite relationships of amphibians in altered habitats. It was
surprising to note that amphibians in plantations did not show any obvi-
ous adverse eﬀects from plantation cultivating practices, as abundances,
body condition and comparable parasite infections were found. This con-
tradicts other studies of agricultural practices and amphibian populations
(Karraker & Welsh Jr, 2006; Burgett et al., 2007; Brodeur et al., 2011).
Although no severe pathology from parasite infection was found, the genus
Rhabdias was found in plantation sites. Although at low intensities, Rhab-
dias may not be detrimental to the overall health of an individual, heavy
infections can be detrimental and increases mortality. Amphibians in plan-
tation sites also showed adaptations to living in exposed habitats by se-
lecting deep pools. This result does not make them specific to oil palm,
but it does show a degree of selectivity by species previously thought
to be opportunistic breeders that would breed in any water body. In
addition, amphibians in plantations were also found to utilize the micro-
habitats available to them and show a degree of partitioning in terms of
tadpole feeding guilds. This suggests that plantations are able to sup-
port a relatively diverse amphibian community, but it should be noted, a
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substantially distinct one from forested habitats.
Despite the resourceful nature of amphibians in plantation sites, the
impoverished stream amphibian numbers and their associations with open
areas emphasizes the importance of future management of streams at these
sites. In addition to this, the low prevalence of indirect parasites suggests
a wider issue of an impoverished invertebrate and predatory fauna. These
two results were supported by past studies, where plantation are poor habi-
tats for benthic stream macroinvertebrates (Azrina et al., 2006), overall
invertebrate abundance (Turner & Foster, 2008; Bru¨hl & Eltz, 2010), and
amphibian predators (Koh &Wilcove, 2008). The findings from this study
provide some evidence that, although amphibians in plantations may not
show obvious adverse eﬀects from conversion, they can act as indicators
for specific areas that require urgent management.
6.1.4 Future work
Future research in this field might include monitoring the eﬀectiveness of
diﬀerent schemes put forward to oil palm plantation managers by a num-
ber of NGOs and conservation programmes since the start of this study.
Bakewell et al (2012) published a number of case studies and subsequent
how-to guides on managing plantations for increased biodiversity. One
of the case studies is the River of Life project in Negeri Sembilan. The
project was disbanded in 2008 but continued by certain plantations owned
by Sime Darby. The project, however, is slow moving and the main ob-
jectives were to improve water quality, reduce erosion into streams and
provide an opportunity to improve the companys image to the wider pub-
lic. Although water quality is a key aspect to the ecosystem, it would
be interesting to study the eﬀectiveness of replanted riparian sites on am-
phibian populations. Additionally, plantations close to forest remnants
may be able to connect their waterways through this riparian buﬀer and
identify the possibility of incorporating forest species within plantation
sites. Such a project may shed some light as to which forest species can
be sustained in newly managed plantations and if there is any diﬀerence
with plantations constructed after the riparian buﬀer legislation was put
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in place.
A point made by Bakewell et al (2012) is that there is a lack of studies
aimed toward identifying functional diversity in plantations. In Sabah,
Borneo, a study on the functional diversity of amphibians in oil palm plan-
tations is already ongoing in the S. A. F. E. experimental sites in Sabah,
Borneo (http://www.safeproject.net/projects/biodiversity/species-
interactions/functional-diversity-of-amphibians/). Here, the team is
identifying diﬀerent feeding habits, morphological characteristics and
habitat preferences of amphibians across diﬀerent habitat types, one of
which, includes oil palm plantations. However, based on the comparisons
made between this study and the one carried out by Gillespie et al
(2012), generalizing the results obtained in Bornean sites across to those
in Peninsular Malaysia can be problematic.
Although the eﬀects of chemical compounds used in agricultural sites
on amphibians have been extensively studied, it would be interesting to
identify the eﬀects of agrochemicals on the free-living stages of nematode
parasites infecting amphibians. Such a study could explain the patterns
of parasite intensity found in Chapter 5 of this thesis. These types of
studies can also identify if a reduced parasite diversity can eﬀect the overall
ecological functioning of agro-ecosystems.
Future studies can also include a genetic aspect and there is a whole
host of research questions that can be asked in this particular topic theme.
Based on this study, I identified that plantation amphibians select for
deep pools. As deep pools have the probability of filling up during every
rain event, there is the question of using genetic analysis to identify if
amphibians in these altered habitats exhibit breeding site fidelity. Genetic
analysis can also evaluate the degree of isolation and genetic heterogeneity
of amphibian populations in plantation habitats.
It is my hope that this research will serve as a base for future stud-
ies. It is important to note that although conserving highly diverse and
unique habitats should always be the main objective, the welfare of hu-
man populations in developing countries is also an important issue. There
are some groundbreaking studies out there to further our understanding
of the natural world and the influence our actions and practices have on
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it. The search for knowledge is ongoing and where mistakes were made
in a practical sense, it is our responsibility to amend them for a sustain-
able future. We must now identify ways to better our understanding of
how to monitor and manage areas that are being used to sustain an ever
growing human population. After such time, we must then put the same
knowledge into practice.
Bibliography
Abdullah, S. & Nakagoshi, N. (2007) Forest fragmentation and its corre-
lation to human land use change in the state of Selangor, peninsular
Malaysia. Forest Ecology and Management, 241, 39–48.
Albon, S.D., Stien, A., Irvine, R.J., Langvatn, R., Ropstad, E. &
Halvorsen, O. (2002) The role of parasites in the dynamics of a rein-
deer population. Proceedings of the Royal Society of London, Series B,
269, 1625–1632.
Anderson, D.R. & Burnham, K.P. (2002) Avoiding Pitfalls When Using
Information-Theoretic Methods. The Journal of Wildlife Management,
66, 912–918.
Anderson, M.J. (2001) A new method for non-parametric multivariate
analysis of variance. Austral Ecology, 26, 32–46.
Anderson, R.C., Chabaud, A., Willmott, S. & Chabaud, A.G., eds. (2009)
Keys to the Nematode Parasites of Vertebrates. CABI Publishing.
Antonovics, J., Iwas, Y. & Hassell., M.P. (1995) A generalized model of
parasitoid, venereal, and vector-based transmission p. American Natu-
ralist, 145, 661–675.
Aratrakorn, S., Thunhikorn, S. & Donald, P.F. (2006) Changes in bird
communities following conversion of lowland forest to palm oil and rub-
ber plantations in southern Thailand. Bird Conservation International,
16, 71–82.
Atkinson, C.T., Dusek, R.J., Woods, K.L. & Iko, W.M. (2000) Pathogenic-
ity of avian malaria in experimentally infected Hawaii Amakihi. Journal
of Wildlife Diseases, 36, 197–204.
137
BIBLIOGRAPHY 138
Azlan J, M. (2006) Mammal diversity and conservation in a secondary
forest in Peninsular Malaysia. Biodiversity and Conservation, 15, 1013–
1025.
Azrina, M., Yap, C., Ismail, A.R., Ismail, A. & Tan, S. (2006) Anthro-
pogenic impacts on the distribution and biodiversity of benthic macroin-
vertebrates and water quality of the Langat River, Peninsular Malaysia.
Ecotoxicology and Environmental Safety, 64, 337–347.
Baker, M.R. (1979) The free-living and parasitic development of Rhabdias
spp. (Nematoda: Rhabdiasidae) in amphibians. Canadian Journal of
Zoology, 57, 161–178.
Bakewell, D., Azmi, R., Yew, F.K., Ng, F.Y., Basiron, Y. & Sundram, K.,
eds. (2012) Biodiversity in Plantation Landscapes. Wild Asia and the
Malaysian Palm Oil Council: Kuala Lumpur.
Bancroft, B.A., Baker, N.J. & Blaustein, A.R. (2008) A Meta-Analysis of
the Eﬀects of Ultraviolet B Radiation and Its Synergistic Interactions
with pH, Contaminants, and Disease on Amphibian Survival. Conser-
vation Biology, 22, 987–996.
Basiron, Y. (2007) Palm oil production through sustainable plantations.
European Journal of Lipid Science, 109, 289–295.
Batzli, G.O. (1994) Special feature: Mammal-plant interactions. Journal
of Mammalogy, 75, 813–815.
Belabut, D. (2012) Ecology and biology of the genus Microhyla Tschudi,
1838 of Peninsular Malaysia. Ph.D. thesis, Universiti Kebangsaan
Malaysia.
Benton, T.G., Vickery, J.A. & Wilson, J.D. (2003) Farmland biodiversity:
is habitat heterogeneity the key? Trends in Ecology and Evolution, 18,
182–188.
Berger, L., Hyatt, A., Speare, R. & Longcore, J. (2005) Life cycle stages
of the amphibian chytrid Batrachochytrium dendrobatidis. Diseases of
Aquatic Organisms, 68, 51–63.
BIBLIOGRAPHY 139
Bernays, E.A. (1998) Evolution of feeding behaviour in insect herbivores.
BioScience, 48, 35–44.
Blaustein, L., Garb, J.E., Shebitz, D. & Nevo, E. (1999) Microclimate, de-
velopmental plasticity and community structure in artificial temporary
pools. Hydrobiologia, 392, 187–196.
Boyle, D., Boyle, D., Olsen, V., Morgan, J., Hyatt, A. et al. (2004) Rapid
quantitative detection of chytridiomycosis (Batrachochytrium dendro-
batidis) in amphibian samples using real-time Taqman PCR assay. Dis-
eases of Aquatic Organisms, 60, 141–148.
Brodeur, J., Suarez, R., Natale, G., Ronco, A. & Elena Zaccagnini, M.
(2011) Reduced body condition and enzymatic alterations in frogs in-
habiting intensive crop production areas. Ecotoxicology and Environ-
mental Safety, 74, 1370–1380.
Bru¨hl, C.A. & Eltz, T. (2010) Fuelling the biodiversity crisis: species loss
of ground-dwelling forest ants in oil palm plantations in Sabah,Malaysia
(Borneo). Biodiversity Conservation, 19, 519–529.
Burgett, A.A., Wright, C.D., Smith, G.R., Fortune, D.T. & Johnson,
S.L. (2007) Impact of ammonium nitrate on wood frog (Rana sylvatica)
tadpoles: eﬀects on survivorship and behaviour. Herpetological Conser-
vation and Biology, 2, 29–34.
Bush, A., Ferna´ndez, J.C. & Esch, G.W. (2001) Parasitism: The diversity
and ecology of animal parasites. Cambridge University Press, Cam-
bridge, UK, 1st edn.
Bush, A., Laﬀerty, K., Lotz, J. & Shostak, A. (1997) Parasitology meets
ecology on its own terms: Margolis et al. revisited. The Journal of
Parasitology, 83, 575–583.
de Castro, F. & Bolker, B. (2005) Mechanisms of disease-induced extinc-
tion. Ecology Letters, 8, 117–126.
Chang, M., Hii, J., Buttner, P. & Mansoor, F. (1997) Changes in abun-
dance and behaviour of vector mosquitoes induced by land use during
BIBLIOGRAPHY 140
the development of an oil palm plantation in Sarawak. Transactions of
the Royal Society of Tropical Medicine and Hygiene, 91, 382–386.
Chao, A. (2005) Species estimation and applications, pp. 7907–7916. Wi-
ley, New York, 2nd edn.
Chao, A. & Lee, S.M. (1992) Estimating the number of classes via sample
coverage. Journal of the American Statistical Association, 87, 210–217.
Chao, A. & Shen, T.J. (2010) Program SPADE (species prediction and
diversity estimate).
URL http://chao.stat.nthu.edu.tw
Chao, A. & Shen, T.J. (2003) Nonparametric estimation of Shannon’s in-
dex of diversity when there are unseen species in sample. Environmental
and Ecological Statistics, 10, 429–443.
Chazdon, R.L., Peres, C.A., Dent, D., Sheil, D., Lugo, A.E., Lamb, D.,
Stork, N.E. & Miller, S.E. (2009) The potential of species conservation
in tropical secondary forests. Conservation Biology, 23, 1406–1417.
Christin, M., Gendron, A., Brousseau, P., Me´nard, L., Marcogliese, D.,
Cyr, D., Ruby, S. & Fournier, M. (2003) Eﬀects of agricultural pesticides
on the immune system of Rana pipiens and on its resistance to parasitic
infection. Environmental Toxicology and Chemistry, 22, 1127–1133.
Chung, A.Y.C., Eggleton, P., Speight, M.R., Hammondand, P.M. & Chey,
V.K. (2000) The diversity of beetle assemblages in diﬀerent habitat
types in Sabah,Malaysia. Bulletin of Entomological Research, 90, 475–
496.
Crawley, M.J. (2007) Statistics: An introduction using R. John wiley Sons
Ltd., UK, The Atrium, Southern Gate, Chichester.
Cushman, S.A. (2006) Eﬀects of habitat loss and fragmentation on am-
phibians: a review and prospectus. Biological Conservation, 128, 231–
240.
BIBLIOGRAPHY 141
Danielsen, F., Beukema, H., Burgess, N.D., Parish, F., Bru¨hl, C.A., Don-
ald, P., Murdiyarso, D., Phalan, B., Reijnders, L., Struebig, M. &
Fitzherbert, E.B. (2009) Biofuel Plantations on Forested Lands: Dou-
ble Jeopardy for Biodiversity and Climate. Conservation Biology, 23,
348–358.
Daszak, P., Berger, L., Cunningham, A., Hyatt, A., Green, D. & Speare,
R. (1999) Emerging Infectious Diseases and Amphibian Population De-
clines. Emerging Infectious Diseases, 5, 735–748.
Denver, R.J., Mirhadi, N. & Phillips, M. (1998) Adaptive plasticity in
amphibian metamorphosis: response of Scaphiopus hammondii tadpoles
to habitat desiccation. Ecology, 79, 1859–1872.
Devictor, V., Julliard, R., Clavel, J., Jiguet, F., Lee, A. & Couvet, D.
(2008) Functional biotic homogenization of bird communities in dis-
turbed landscapes. Global Ecology and Biogeography, 17, 252–261.
Devictor, V., Julliard, R. & Jiguet, F. (2009) Distribution of specialist
and generalist species along spatial gradients of habitat disturbance and
fragmentation. Oikos, 117, 507–514.
DiMauro, D. & Hunter, J. (2002) Reproduction of amphibians in natural
and anthropogenic temporary pools in managed forests. Forest Science,
48, 397–406.
Dobson, A. (2004) Population Dynamics of Pathogens with Multiple Host
Species. The American Naturalist, 164, S64—S78.
Dodd JR, C. & Dorazio, R. (2004) Using counts to simultaneously esti-
mate abundance and detection probabilities in a salamander community.
Herpetologica, 60, 468–478.
Donald, P.F. (2004) Biodiversity Impacts of Some Agricultural Commod-
ity Production Systems. Conservation Biology, 18, 17–37.
Duellman, W. & Trueb, L. (1994) Biology of Amphibians. Johns Hopkins
University Press, USA.
BIBLIOGRAPHY 142
Dyke, F.V. (2008) Conservation Biology: Foundations, Concepts, Appli-
cations. Springer, New York, USA.
Edwards, D.P., Hodgson, J.A., Hamer, K.C., Mitchell, S.L., Ahmad, A.H.,
Cornell, S.J. & Wilcove, D.S. (2010) Wildlife-friendly oil palm planta-
tions fail to protect biodiversity eﬀectively. Conservation Letters, 3,
236–242.
Ernst, R. & Ro¨del, M.O. (2005) Anthropogenically induced changes of
predictability in tropical anuran assemblages. Ecology, 86, 3111–3118.
FAO (1998) The state of food and agriculture 1998 (FAO). FAO (Rome).
Faruk, A., Garner, T. & Knell, R. (in press) Evaluating the impact of oil
palm plantation on tropical amphibian species diversity. Conservation
Biology. Article.
Fayle, T.M., Turner, E.C., Snaddon, J.L., Chey, V.K., Chung, A.Y.,
Eggleton, P. & Foster, W.A. (2010) Oil palm expansion into rain for-
est greatly reduces ant biodiversity in canopy, epiphytes and leaf-litter.
Basic and Applied Ecology, 11, 337–345.
Fitzherbert, E., Struebig, M., Morel, A., Danielsen, F., Bru¨hl, C., Donald,
P. & Phalan, B. (2008) How will palm oil expansion aﬀect biodiversity?
Trends in Ecology and Evolution, 23, 538–545.
Foley, J.A., DeFries, R., Asner, G.P., Barford, C., Bonan, G., Carpenter,
S.R., Chapin, F.S., Coe, M.T., Daily, G.C., Gibbs, H.K., Helkowski,
J.H., Holloway, T., Howard, E.A., Kucharik, C.J., Monfreda, C., Patz,
J.A., Prentice, I.C., Ramankutty, N. & Snyder, P.K. (2005) Global con-
sequences of land use. Science, 309, 570–574.
Folstad, I. & Karter, A.J. (1992) Parasites, bright males and the immuno-
competence handicap. The American Naturalist, 139, 603–622.
Fox, J. (2002) Bootstrapping regression models. An R and S-PLUS Com-
panion to Applied Regression: A Web Appendix to the Book. Sage,
Thousand Oaks, CA. URL http://cran. r-project. org/doc/contrib/Fox-
Companion/appendix-bootstrapping. pdf.
BIBLIOGRAPHY 143
Gallant, A.L., Klaver, R.W., Casper, G.S. & Lannoo, M.J. (2007) Global
rates of habitat loss and implications for amphibian conservation.
Copeia, 2007, 967–979.
Garcia-Gonzalez, C. & Garcia-Vazquez, E. (2010) The value of traditional
troughs as freshwater shelters for amphibian diversity. Aquatic Conser-
vation: Marine and freshwater ecosystems, 21, 74–81.
Gardner, T. (2001) Declining amphibian populations: a global phe-
nomenon in conservation biology. Animal Biodiversity and Conserva-
tion, 24, 25–44.
Gardner, T.A., Fitzherbert, E.B., Drewes, R.C., Howell, K.M. & Caro, T.
(2007a) Spatial and temporal patterns of abundance and diversity of an
east African leaf litter amphibian fauna. Biotropica, 39, 105–113.
Gardner, T.A., Ribeiro-Junior, M.A., Barlow, J., Avila-Pires, T.C.S.,
Hoogmoed, M. & Peres, C.A. (2007b) The Value of Primary, Secondary,
and Plantation Forests for a Neotropical Herpetofauna. Conservation
Biology, 21, 775–787.
Garner, T., Walker, S., Bosch, J., Hyatt, A., Cunningham, A. & Fisher,
M. (2005) Chytrid fungus in Europe. Emerging Infectious Diseases, 11,
1639–1641.
Gibbs, H.K., Ruesch, A.S., Achard, F., Clayton, M.K., Holmgren, P. &
Ramankutty, N. (2010) Tropical forests were the primary sources of new
agricultural land in the 1980s and 1990s. Proceedings of the National
Academy of Sciences, 107, 16732–16737.
Gibbs, J.P. (1998) Distribution of woodland amphibians along a forest
fragmentation gradient. Landscape Ecology, 13, 263–268.
Gillespie, G.R., Ahmad, E., Elahan, B., Evans, A., Ancrenaz, M.,
Goossens, B. & Scroggie, M.P. (2012) Conservation of amphibians in
Borneo: Relative value of secondary tropical forest and non-forest habi-
tats. Biological Conservation, 152, 136–144.
BIBLIOGRAPHY 144
Gillespie, G.R., Howard, S., Lockie, D., Scroggie, M. & Boeadi (2005)
Herpetofaunal Richness and Community Structure of Oﬀshore Islands
of Sulawesi, Indonesia. Biotropica, 37, 279–290.
Gillespie, G.R., Lockie, D., Scroggie, M.P. & Iskandar, D.T. (2004) Habi-
tat use by stream-breeding frogs in south-east Sulawesi, with some pre-
liminary observations on community organization. Journal of Tropical
Ecology, 20, 439–448.
Glor, R.E., Flecker, A.S., Bernard, M.F. & Power, A.G. (2001) Lizard
diversity and agricultural disturbance in a Caribbean forest landscape.
Biodiversity Conservation, 10, 711–723.
Gray, M.J., Miller, D. & Hoverman, J.T. (2009) Ecology and pathology of
amphibian ranaviruses. Diseases of Aquatic Organisms, 87, 243–266.
Greenwood, J.J.D. & Robinson, R.A. (2006) General Census Methods, pp.
89–186. Cambridge University Press, United Kingdom, 2nd edn.
Gregory, R.D. & Woolhouse, M.E.J. (1993) Quantification of parasite ag-
gregation - a simulation study. Acta-Tropica, 54, 131–139.
Gro¨zinger, F., Wertz, A., Thein, J., Feldnaar, H. & R o¨del, M.O. (2012)
Environmental factors fail to explain oviposition site use in the European
common frog. Journal of Zoology, 288, 103–111.
Guerry, A.D. & Hunter-Junior, M.L. (2002) Amphibian distributions in
a landscape of forests and agriculture: an examination of landscape
composition and configuration. Conservation Biology, 16, 745–754.
Harrisson, K.A., Pavlova, A., Amos, J.N., Takeuchi, N., Lill, A., Rad-
ford, J.Q. & Sunnucks, P. (2012) Fine-scale eﬀects of habitat loss and
fragmentation despite large-scale gene flow for some regionally declining
woodland bird species. Landscape Ecology, 27, 813–827.
Hartel, T., Raluca, B. & Coga¨lniceanu, D. (2011) Spatial and tempo-
ral variability of aquatic habitat use by amphibians in a hydrologically
modified landscape. Freshwater Biology, 56, 2288–2298.
BIBLIOGRAPHY 145
Hatcher, M.J., Dick, J.T.A. & Dunn, A.M. (2006) How parasites aﬀect
interactions between competitors and predators. Ecology Letters, 9,
1253–1271. ISSN 1461-0248.
Hayek, L.A.C. & Buzas, M.A. (2010) Surveying Natural Populations:
Quantitative Tools for Assessing Biodiversity. Columbia University
Press, 2nd edn.
Hecnar, S.J. & M’Closkey, R.T. (1997) The eﬀects of predatory fish on
amphibian species richness and distribution. Biological Conservation,
79, 123–131.
Henk, D.A. & Fisher, M.C. (2012) The Gut Fungus Basidiobolus ra-
narum Has a Large Genome and Diﬀerent Copy Numbers of Putatively
Functionally Redundant Elongation Factor Genes. PlosOne, 7, e31268–
e31268.
Hero, J., Shoo, L. & Semlitsch, R. (2003) Conservation of amphibians in
the Old World tropics: defining unique problems associated with regional
fauna, pp. 70–84. Smithsonian Institute Press, USA, 1st edn.
Heyer, W.R. (1973) Ecological interactions of frog larvae at a seasonal
tropical location in Thailand. Journal of Herpetology, 7, 337–361.
Heyer, W.R. (1976) Studies in larval amphibian habitat partitioning, pp.
2–15. Smithsonian Institute Press.
Heyer, W.R. (1974) Niche measurements of frog larvae from a seasonal
tropical location in Thailand. Ecology, 55, 651–656.
Holmstead, P.R., Hudson, P.J. & Skorping, A. (2005) The influence of
a parasite community on the dynamics of a host population: A lon-
gitudinal study on willow ptarmigan and their parasites. Oikos, 111,
377–391.
Hudson, P., Dobson, A. & Laﬀerty, K. (2006) Is a healthy ecosystem one
that is rich in parasites? Trends in Ecology Evolution, 21, 381–385.
Huston, M.A. (1994) Biological diversity: the coexistence of species on
changing landscapes. Cambridge University Press, New York.
BIBLIOGRAPHY 146
Hutchison, J. & Nickerson, M. (1970) Comments on the distribution of
Basidiobolus ranarum. Mycologia, 62, 585–587.
Hyatt, A., Boyle, D., Olsen, V., Boyle, D., Berger, L., Obendorf, D.,
Dalton, A., Kriger, K., Hero, M., Hines, H. et al. (2007) Diagnostic
assays and sampling protocols for the detection of Batrachochytrium
dendrobatidis. Diseases of Aquatic Organisms, 73, 175–192.
Ickes, K. (2001) Hyper-abundance of native wild pigs (Sus scrofa) in a
lowland dipterocarp rain forest of peninsular Malaysia. Biotropica, 33,
682–690.
Indermaur, L., Schaub, M., Jokela, J., Tockner, K. & Schmidt, B.R. (2010)
Diﬀerential response to abiotic conditions and predation risk rather
than competition avoidance determine breeding site selection by anu-
rans. Ecography, 33, 887–895.
Inger, R.F. & Lian, T.F. (1996) Checklist of the frogs of Borneo. The
Raﬄes Bulletin of Zoology, 44, 551–574.
Inthara, C., Lauhachinda, V., Nabhitabhata, J., Chuaynkern, Y. & Kum-
tong, P. (2005) Mouth part structures and distribution of some tadpoles
of Thailand. The Thailand Natural History Museum Journal, 1, 55–78.
Joe, L.K., Eng, N.I.T., Pohan, A., Muelen, H.V.D., Emmons, C.W. &
Bethesda (1956) Basidiobolus Ranarum as a Cause of Subcutaneous
Mycosis in Indonesia. Archives of Dermatology, 74, 378–383.
Johnson, P.T.J. & Chase, J.M. (2004) Parasites in the food web: linking
amphibian malformations and aquatic eutrophication. Ecology Letters,
7, 521–526.
Jones, C.G., Lawton, J.H. & Shachak, M. (1996) Ecosystem Management:
Selected readings, chap. Organisms as ecosystem engineers., pp. 130–147.
Springer, New York, USA.
Karraker, N.E. & Welsh Jr, H.H. (2006) Long-term impacts of even-aged
timber management on abundance and body condition of terrestrial
BIBLIOGRAPHY 147
amphibians in Northwestern California. Biological Conservation, 131,
132–140.
Kelehear, C., Brown, G. & Shine, R. (2012) Size and sex matter: infection
dynamics of an invading parasite (the pentastome Raillietiella frenatus)
in an invading host (the cane toad Rhinella marina). Parasitology, 1,
1–9.
Keller, A., R o¨del, M.O., Linsenmair, K.E. & Grafe, T.U. (2009) The
importance of environmental heterogeneity for species diversity and as-
semblage structure in Bornean stream frogs. Journal of Animal Ecology,
78, 305–314.
Ke´ry, M., Dorazio, R.M., Soldaat, L., van Strien, A., Zuiderwijk, A. &
Royle, J.A. (2009) Trend estimation in populations with imperfect de-
tection. Journal of Applied Ecology, 46, 1163–1172.
Kiesecker, J.M. (2002) Synergism between trematode infection and pesti-
cide exposure: A link to amphibian limb deformities in nature? Pro-
ceedings of the National Academy of Sciences of the United States of
America, 99, 9900–9904.
Kilpatrick, A.M., Briggs, C.J. & Daszak, P. (2010) The ecology and im-
pact of chytridiomycosis, an emerging disease of amphibians. Trends in
Ecology and Evolution, 25, 109–118.
Koh, L. (2007) Impending disaster or sliver of hope for Southeast Asian
forests? The devil may lie in the details. Biodiversity Conservation, 16,
3935–3938.
Koh, L.P. & Wilcove, D. (2008) Is oil palm agriculture really destroying
tropical biodiversity? Conservation Letters, 1, 60–64.
Koh, L.P. & Lee, T.M. (2012) Sensible consumerism for environmental
sustainability. Biological Conservation, 151, 3–6.
Koprivnikar, J., Marcogliese, D., Rohr, J., Orlofske, S., Raﬀel, T. & John-
son, P. (2012) Macroparasite Infections of Amphibians: What Can They
Tell Us? EcoHealth, 9, 1–19.
BIBLIOGRAPHY 148
Krebs, J.R., Wilson, J.D., Bradbury, R.B. & Siriwardena, G.M. (1999)
The second Silent Spring? Nature, 400, 611–612.
Kriger, K., Pereoglou, F. & Hero, J. (2007) Latitudinal variation in the
prevalence and intensity of chytrid (Batrachochytrium dendrobatidis)
infection in eastern Australia. Conservation Biology, 21, 1280–1290.
Krishnamurthy, S.V. (2003) Amphibian assemblages in undisturbed and
disturbed areas of Kudremukh National Park, centralWestern Ghats,
India. Environmental Conservation, 30, 274–282.
Kusrini, M., Skerratt, L., Garland, S., Berger, L. & Endarwin, W. (2008)
Chytridiomycosis in frogs of Mount Gede Pangrango, Indonesia. Dis-
eases of Aquatic Organisms, 82, 187–194.
Levin, L.A., Neira, C. & Grosholz, E.D. (2006) Invasive cordgrass modifies
wetland trophic function. Ecology, 87, 419–432.
Lockhart, A.B., Thrall, P.H. & Antonovics, J. (1996) Sexually transmitted
diseases in animals: ecological and evolutionary implications. Biological
Reviews of the Cambridge Philosophical Society, 71, 415–471.
LoGuidice, K., Ostfeld, R.S., Schmidt, K.A. & Keesing., F. (2003) The
ecology of infectious disease: eﬀects of host diversity and community
composition on Lyme disease risk. Proceedings of the National Academy
of Sciences of the USA, 100, 567–571.
Mace, G.M. & Reynolds, J.D. (2001) Conservation of exploited species,
chap. Exploitation as a conservation issue, pp. 3–15. Cambridge: Cam-
bridge University Press.
MacKenzie, D. & Royle, J. (2005) Designing occupancy studies: general
advice and allocating survey eﬀort. Ecology, 42, 1105–1114.
MacKenzie, D.I., Nichols, J.D., Lachman, G.B., Droege, S., Royle, A. &
Langtimm, C.A. (2002) Estimating site occupancy when probabilities
are less than one. Ecology, 83, 2248–2255.
BIBLIOGRAPHY 149
Mahadi, N.A., Muhamad, R. & Adam, N.A. (2012) Relationship between
bagworm Pteroma pendula joannis (Lepidoptera: Psyschidae) popula-
tions, parasitoids and weather parameters in oil palm plantation. Jour-
nal of Agricultural Sciences, 4, 13–17.
Mazzoni, R., Cunningham, A.A., Daszak, P., Apolo, A., Perdomo, E. &
Speranza, G. (2003) Emerging Pathogen of Wild Amphibians in Frogs
(Rana catesbeiana) Farmed for International Trade. Emerging Infectious
Diseases, 9, 995–998.
McCune, B., Grace, J.B. & Urban, D.L. (2002) Analysis of Ecological
Communities. MjM Software Design.
McKenzie, V.J. (2007) Human land use and patterns of parasitism in
tropical amphibian hosts. Biological Conservation, 137, 102–116.
Meegaskumbura, M., Bossuyt, F., Pethiyagoda, R., Manamendrarachchi,
K., Bahir, M., Milimkovitch, M. & Schneider, C. (2002) Sri Lanka: an
amphibian hot spot. Science, 298, 379.
Meharg, M.J., Montgomery, W.I. & Dunwoody, T. (1990) Trophic rela-
tionships of common frog (Rana temporaria) and pigmy shrew (Sorex
minutus) in upland Co. Antrim, Northern Ireland. Journal of Zoology,
222, 1–17.
Minchin, P.R. (1987) An evaluation of relative robustness of techniques
for ecological ordinations. Vegetatio, 69, 89–107.
Moore, J. (2002) Parasites and the behaviour of animals. Oxford Univer-
sity Press.
Morrison, M.L., Marcot, B. & Mannan, W. (2006) Wildlife-Habitat Rela-
tionships: Concepts and Applications. Island Press.
Ntsefong, G.N., Ebongue, G.F.N., Paul, K., Martin, B.J., Emmanuel, Y.,
B., N.H., Gervais, B.E., Galdima, M. & Bienvenu, A. (2012) Control
Approaches against Vascular Wilt Disease of Elaeis guineensis Jacq.
Caused by Fusarium oxysporum f. sp. elaeidis. Journal of Biology and
Life Science, 3, 160–173.
BIBLIOGRAPHY 150
Ofori-Boateng, C., Oduro, W., Hillers, A., Norris, K., Oppong, S.K.,
Adum, G.B. & Ro¨del, M.O. (2012) Diﬀerences in the Eﬀects of Selec-
tive Logging on Amphibian Assemblages in Three West African Forest
Types. Biotropica, pp. 94–101.
Oksanen, J., Blanchet, F.G., Kindt, R., Legendre, P., Minchin, P.R.,
O’Hara, R.B., Simpson, G.L., Solymos, P., Stevens, M.H.H. & Wag-
ner, H. (2012) vegan: Community Ecology Package.
Onn, C.K., Belabut, D. & Ahmad, N. (2010) A revised checklist of the
amphibians of Peninsular Malaysia. Russian Journal of Herpetology, 17,
202–206.
Ostfeld, R.S. & Keesing, F. (2000) Biodiversity and disease risk: The case
of lyme disease. Conservation Biology, 14, 722–728.
Parris, K.M. (2004) Environmental and spatial variables influence the
composition of frog assemblages in sub-tropical eastern Australia. Ecog-
raphy, 27, 392–400.
Patz, J.A., Graczyk, T.K., Geller, N. & Vittor, A.Y. (2000) Eﬀects of envi-
ronmental change on emerging parasitic diseases. International Journal
for Parasitology, 1, 1–11.
Pearman, P.B. (1997) Correlates of amphibian diversity in an altered land-
scape of Amazonian Ecuador. Conservation Biology, 11, 1211–1225.
Peh, K., Jong, J., Sodhi, N., Lim, S. & Yap, C. (2005) Lowland rain-
forest avifauna and human disturbance: persistence of primary forest
birds in selectively logged forests and mixed-rural habitats of southern
Peninsular Malaysia. Biological Conservation, 123, 489–505.
Pellet, J. & Schmidt, B.R. (2005) Monitoring distributions using call sur-
veys: estimating site occupancy, detection probabilities and inferring
absence. Biological Conservation, 123, 27–35.
Perhilitan (2001) Krau Wildlife Reserve Management Plan for 2002-2006.
Perhilitan, Malaysia, ”first” edn.
BIBLIOGRAPHY 151
Perry, R.W., Wigley, T.B., Melchiors, M.A., Thill, R.E., Tappe, P.A. &
Miller, D.A. (2011) Width of riparian buﬀer and structure of adjacent
plantations influence occupancy of conservation priority birds. Biodi-
versity Conservation, 20, 625–642.
Peterson, R.O., Thomas, N.J., Thurber, J.M., Vucetich, J.A. & Waite,
T.A. (1998) Population Limitation and the Wolves of Isle Royale. Jour-
nal of Mammalogy, 79, 828–841.
Piotrowski, J.S., Annis, S.L. & Longcore, J.E. (2004) Physiology of Ba-
trachochytrium dendrobatidis, a chytrid pathogen of amphibians. My-
cologia, 96, 9–15.
Pluess, B., Mueller, I., Levi, D., King, G., Smith, T.A. & Lengeler, C.
(2009) Malaria – a major health problem within an oil palm plantation
around Popondetta, Papua New Guinea. Malaria Journal, 8, 1–11.
Pollock, K.H., Nichols, J.D., Simons, T.R., Farnsworth, G.L., Bailey, L.L.
& Sauer, J.R. (2002) Large scale wildlife monitoring studies: statistical
methods for design and analysis. Environmetrics, 13, 105–119.
Porej, D., Micacchion, M. & Hetherington, T.E. (2004) Core terrestrial
habitat for conservation of local populations of salamanders and wood
frogs in agricultural landscapes. Biological Conservation, 120, 399–409.
Poulin, R. (1996) Sexual inequalities in helminth infections: a cost of being
a male? American Naturalist, 147, 287–295.
Poulin, R. (2000) Variation in the intraspecific relationship between fish
length and intensity of parasitic infection: biological and statistical
causes. Journal of Fish Biology, 56, 123–137.
Pounds, J., Bustamante, M., Coloma, L., Consuegra, J., M.P.L., F., Fos-
ter, P., La Marca, E., Masters, K., Merino-Viteri, A., Puschendorf, R.,
Ron, S., Sanchez-Azofeifa, G., Still, C. & Young, B. (2006) Widespread
amphibian extinctions from epidemic disease driven by global warming.
Nature, 439, 161–167.
BIBLIOGRAPHY 152
R Developmental Team (2012) R: A language and environment for sta-
tistical computing. R Foundation for Statistical Computing, Vienna,
Austria.
Ragauskas, A.J., Williams, C.K., Davison, B.H., Britovsek, G., Cairney,
J., Eckert, C.A., Jr., W.J.F., Hallett, J.P., Leak, D.J., Liotta, C.L.,
Mielenz, J.R., Murphy, R., Templer, R. & Tschaplinski, T. (2006) The
Path Forward for Biofuels and Biomaterials. Science, 311, 484–489.
Rasband, W.S. (2011) ImageJ: Image Processing and Analysis in Java.
http://rsb.info.nih.gov/ij/.
Reid, N., McDonald, R.A. & Montgomery, W.I. (2007) Mammals and agri-
environment schemes: hare haven or pest paradise? Journal of Applied
Ecology, 44, 1200–1208.
Rittenhouse, T.A.G. & Semlitsch, R.D. (2006) Grasslands as movement
barriers for a forest-associated salamander: Migration behavior of adult
and juvenile salamanders at a distinct habitat edge. Biological Conser-
vation, 131, 14–22.
Rohr, J., Schotthoefer, A., Raﬀel, T., Carrick, H., Halstead, N., Hov-
erman, J., Johnson, C., Johnson, L., Lieske, C. & Piwoni, M. (2008)
Agrochemicals increase trematode infections in a declining amphibian
species. Nature, 445, 1235.
Royer, P.D., Breshears, D.D., Zou, C.B., Villegas, J.C., Cobb, N.S. &
Kurc, S.A. (2012) Density-Dependent Ecohydrological Eﬀects of Pin
on–Juniper Woody Canopy Cover on Soil Microclimate and Potential
Soil Evaporation. Rangeland Ecology Management, 65, 11—20.
Royle, J.A. (2006) Site occupancy models with heterogeneous detection
probabilities. Biometrics, 62, 97–102.
Ro´zsa, L., Reiczigel, J. & Majoros, G. (2000) Quantifying parasites in
samples of hosts. Journal of Parasitology, 86, 228–232.
RSPO (2012) RSPO. webpage.
URL http://www.rspo.org/
BIBLIOGRAPHY 153
Ryder, J.J., Miller, M.R., White, A., Knell, R.J. & Boots, M. (2007) Host-
parasite population dynamics under combined frequency- and density-
dependent transmission. Oikos, 116, 2017–2026.
Savage, A., Grismer, L., Anuar, S., Onn, C., Grismer, J., Quah, E., Muin,
M., Ahmad, N., Lenker, M. & Zamudio, K. (2011) First record of Batra-
chochytrium dendrobatidis infecting four frog families from Peninsular
Malaysia. EcoHealth, 8, 121–128.
Schiesari, L., Gordo, M. & Ho¨dl, W. (2003) Treeholes as calling, breeding
and developmental sites for the Amazonian canopy frog, Phrynohyas
resinifictrix (Hylidae). Copeia, 2, 263–272.
Schloegel, L., Picco, A., Kilpatrick, A., Davies, A., Hyatt, A. & Daszak,
P. (2009) Magnitude of the US trade in amphibians and presence of
Batrachochytrium dendrobatidis and ranavirus infection in imported
North American bullfrogs (Rana catesbeiana). Biological Conservation,
142, 1420–1426.
Schmidt, B.R. (2003) Count data, detection probabilities, and the de-
mography, dynamics, distribution, and decline of amphibians. Comptes
Rendus Biologies, 326, 119–124.
Schnell, I., Thomsen, P., Wilkinson, N., Rasmussen, M., Jensen, L.,
Willerslev, E., Bertelsen, M. & Gilbert, M. (2012) Screening mammal
biodiversity using DNA from leeches. Current Biology, 22, R262–R263.
Schotthoefer, A., Rohr, J., Cole, R., Koehler, A., Johnson, C., Johnson,
L. & et al. (2011) Eﬀects of wetland and landscape variables on parasite
communities of Rana pipiens: links to anthropogenic changes. Ecological
Applications, 21, 1257–1271.
Sewell, D., Beebee, T.J.C. & Griﬃths, R.A. (2010) Optimising biodiversity
assessments by volunteers: the application of occupancy modelling to
large-scale amphibian surveys. Biological Conservation, 143.
Sheridan, J.A. (2003) Reproductive variation corresponding to breeding
season length in three tropical frog species. Journal of Tropical Ecology,
25, 583–592.
BIBLIOGRAPHY 154
Sheridan, J.A. (2009) Reproductive variation corresponding to breeding
season length in three tropical frog species. Journal of Tropical Ecology,
25, 583—592.
Sheridan, J.A., Howard, S.D., Yambun, P., Rice, J.L., Cadwallader-Staub,
R., Karoulus, A. & Bickford, D. (2012) Novel behaviors of Southeast
Asian rhacophorid frogs (Anura: Rhacophoridae) with an updated anu-
ran species list for Danum Valley, Sabah, Malaysian Borneo. Tropical
Natural History, 12, 1–8.
Shine, R., Ambariyanto, Harlow, P.S. & Mumpuni (1999) Ecological At-
tributes of Two Commercially-Harvested Python Species in Northern
Sumatra. Journal of Herpetology, 33, 249–257.
Skelly, D.K., Freidenburg, L.K. & Kiesecker, J.M. (2002) Forest Canopy
and the Performance of Larval Amphibians. Ecology, 83, 983–992.
Smith, R.K., Jennings, N.V., Robinson, A. & Harris, S. (2004) Conserva-
tion of European hares Lepus europaeus in Britain: is increasing habitat
heterogeneity in farmland the answer? Blackwell Publishing, Ltd. Jour-
nal of Applied Ecology, 41, 1092–1102.
Sodhi, N.S., Bickford, D., Diesmos, A.C., Lee, T.M., Koh, L.P., Brook,
B.W., Sekercioglu, C.H. & Bradshaw, C.J.A. (2008) Measuring the melt-
down: drivers of global amphibian extinction and decline. Biodiversity
Conservation, 19, 317–328.
Sodhi, N.S., Brook, B.W. & Bradshaw, C.J.A. (2007) Tropical Conserva-
tion Biology. Blackwell Oxford.
Sokol, O.M. (1975) The phylogeny of anuran larvae: a new look. Copeia,
1975, 1–23.
Struebig, M.J., Kingston, T., Zubaid, A., Le Comber, S.C., Mohd-Adnan,
A., Turner, A., Kelly, J., Boek, M. & Rossiter, S.J. (2009) Conserva-
tion importance of limestone karst outcrops for Palaeotropical bats in
a fragmented landscape. Biological Conservation, 10, 2089–2096.
BIBLIOGRAPHY 155
Struebig, M.J., Kingston, T., Zubaid, A., Mohd-Adnan, A. & Rossiter,
S.J. (2008) Conservation value of forest fragments to Palaeotropical
bats. Biological Conservation, 141, 2112–2126.
Stuart, S.N., Chanson, J.S., Cox, N.A., Young, B.E., Rodrigues, A.S.L.,
Fischman, D.L. & Waller, R. (2004) Status and trends of amphibian
declines and extinctions worldwide. Science, 309, 1–8.
Sutherland, D.R. (2005) Parasites of North American frogs. In: Amphib-
ian Declines: The Conservation Status of United States Species, pp.
109–123. University of California Press.
Thompson, J.N. & Pellmyr, O. (1991) Evolution of oviposition behaviour
and host preference in Lepidoptera. Annual Reviews of Entomology, 36,
65–89.
Todd, B.D. & Rothermel, B.B. (2006) Assessing quality of clearcut habi-
tats for amphibians: Eﬀects on abundances versus vital rates in the
southern toad (Bufo terrestris). Biological Conservation, 133, 178–185.
Toft, C.A. (1981) Feeding ecology of Panamanian litter anurans: patterns
in diet and foraging mode. Journal of Herpetology, 15, 139–144.
Turner, E.C. & Foster, W.A. (2008) The impact of forest conversion to oil
palm on arthropod abundance and biomass in Sabah,Malaysia. Journal
of Tropical Ecology, 25, 1–8.
Vallan, D. (2002) Eﬀects of anthropogenic environmental changes on am-
phibian diversity in the rain forests of eastern Madagascar. Journal of
Tropical Ecology, 18, 725–742.
Veith, M., Lo¨tters, S., Andreone, F. & Ro¨del, M.O. (2004) Measuring and
monitoring amphibian diversity in tropical forests. ii. estimating species
richness from standardized transect censing. Ecotropica, 10, 85–99.
Vellend, M., Verheyen, K., Flinn, K.M., Jacquemyn, H., Kolb, A., Calster,
H.V., Peterken, G., Graae, B.J., Bellemare, J., Honnay, O., Brunet, J.,
Wulf, M., Gerhardt, F. & Hermy, M. (2007) Homogenization of forest
BIBLIOGRAPHY 156
plant communities and weakening of species–environment relationships
via agricultural land use. Journal of Ecology, 95, 565–573.
Venables, W.N. & Ripley, B.D. (2002) Modern Applied Statistics with S.
New York, 4th edn.
Voyles, J., Young, S., Berger, L., Campbell, C., Voyles, W.F., Dinudom,
A., Cook, D., Webb, R., Alford, R.A., Skerratt, L.F. & Speare, R. (2009)
Pathogenesis of Chytridiomycosis, a Cause of Catastrophic Amphibian
Declines. Science, 326, 582–585.
Walsh, J.F., Molyneux, D.H. & Birley, M.H. (1993) Deforestation: eﬀects
on vector-bourne disease. Parasitology, 106, S55–S75.
Wanger, T.C., Iskandar, D.T., Motzke, I., Brook, B.W., Sodhi, N.S.,
Clough, Y. & Tscharntke, T. (2010) Eﬀects of Land-Use Change
on Community Composition of Tropical Amphibians and Reptiles in
Sulawesi, Indonesia. Conservation Biology, 25, 1–8.
Wanger, T.C., Saro, A., Iskandar, D.T., Brook, B.W., Sodhi, N.S., Clough,
Y. & Tscharntke, T. (2009) Conservation value of cacao agroforestry
for amphibians and reptiles in South-East Asia: combining correlative
models with follow-up field experiments. Journal of Applied Ecology,
46, 823–832.
Wellborn, G.A., Skelly, D.K. & Werner, E.E. (1996) Mechanisms creat-
ing community structure across a freshwater habitat gradient. Annual
Reviews of Ecology and Systematics, 27, 337–363.
Wells, K.D. (2007) The ecology and behavior of amphibians. University of
Chicago, USA.
Williams, H.H., Collins, J.P. & Halvorsen, O. (1987) Biology of gyro-
cotylideans with emphasis on reproduction, population ecology and phy-
logeny. Parasitology, 95, 173–207.
Williams, S.E. & Hero, J.M. (1998) Rainforest frogs of the Australian Wet
Tropics: guild classification and the ecological similarity of declining
species. Proc. R. Soc. Lond, 265, 597–602.
BIBLIOGRAPHY 157
Wilson, K., Bj, O., Dobson, A., Merler, S., Poglayen, G., Randolph, S.,
Read, A. & Skorping, A. (2002) Heterogeneities in macroparasite infec-
tions : patterns and processes. In: The ecology of wildlife diseases, pp.
6–44. Oxford University Press.
Wolts, H.W., Gibbs, J.P. & Ducey, P.K. (2008) Road crossing structures
for amphibians and reptiles: informing design through behavioural anal-
ysis. Biological Conservation, 141, 2745–2750.
Woltz, H.W., Gibbs, J.P. & Ducey, P.K. (2008) Rpad crossing structures
for amphibians and reptiles: informing design through behavioural anal-
ysis. Biological Conservation, 141, 2745–2750.
Wood, B.J. & Liau, S.S. (1984) A Long-Term Study of Rattus tioman-
icus Populations in an Oil Palm Plantation in Johore, Malaysia: III.
Bionomics and Natural Regulation. Journal of Applied Ecology, 21,
473–495.
Woolhouse, M., Taylor, L. & Haydon, D. (2001) Population biology of
multihost pathogens. Science, 292, 1109–1112.
World Bank (2012) webpage.
URL http://www.worldbank.org/en/country/malaysia
Wu, C.S. & Kam, Y.C. (2009) Eﬀects of salinity on the survival, growth,
development, and metamorphosis of Fejervarya limnocharis tadpoles
living in brackish water. Zoological Science, 26, 476–482.
Wu, Z., Li, Y. & Murray, B.R. (2006) Insular shifts in body size of rice
frogs in the Zhoushan Archipelago, China. Journal of Animal Ecology,
75, 1071–1080.
Yee, T.W. (2012) VGAM: Vector Generalized Linear and Additive Models.
http://CRAN.R-project.org/package=VGAM.
Zuur, A.F., Ieno, E.N., Walker, N.J., Saveliev, A.A. & Smith, G.M. (2009)
Mixed eﬀects models and extensions in ecology with R. Springer, New
York, USA.
Appendix A
158
APPENDIX A. 159
T
ab
le
A
.1
:
N
u
m
b
er
of
in
d
iv
id
u
al
s
fo
u
n
d
fo
r
ea
ch
sp
ec
ie
s
p
er
h
ab
it
at
sa
m
p
le
d
.
S
p
ec
ie
s
ab
b
re
vi
at
io
n
s
co
rr
es
p
on
d
to
F
ig
.
4a
-c
.
T
h
re
at
st
at
u
s
fo
r
ea
ch
sp
ec
ie
s
ar
e
b
as
ed
on
th
e
IU
C
N
re
d
li
st
cr
it
er
ia
(h
tt
p
:/
/w
w
w
.i
u
cn
re
d
li
st
.o
rg
/)
;
D
D
-D
at
a
D
efi
ci
en
t,
L
C
-
L
ea
st
C
on
ce
rn
,
N
T
-
N
ea
r
T
h
re
at
en
ed
S
p
ec
ie
s
A
b
b
re
v
ia
ti
on
P
la
n
ta
ti
on
F
or
es
t
T
h
re
at
st
at
u
s
S
tr
ea
m
R
ip
ar
ia
n
T
er
re
st
ri
al
S
tr
ea
m
R
ip
ar
ia
n
T
er
re
st
ri
al
B
u
fo
n
id
ae
D
u
tt
ap
hr
yn
u
s
m
el
an
os
ti
ct
u
s
D
M
E
L
1
9
7
-
-
-
L
C
In
ge
ro
ph
ry
n
u
s
pa
rv
u
s
IP
A
R
-
3
-
-
3
8
L
C
P
hr
yn
oi
de
s
as
pe
ra
P
A
S
P
1
-
2
28
9
1
L
C
D
ic
ro
gl
os
si
d
ae
F
ej
er
va
ry
a
ca
n
cr
iv
or
a
F
C
A
N
2
26
4
2
-
-
L
C
F
ej
er
va
ry
a
li
m
n
on
ec
te
s
F
L
IM
12
94
27
-
-
-
L
C
F
ej
er
va
ry
a
n
ic
ob
ar
ie
n
si
s
F
N
IC
25
4
11
-
-
1
L
C
L
im
n
on
ec
te
s
bl
yt
hi
i
L
B
L
Y
-
-
-
28
13
-
N
T
L
im
n
on
ec
te
s
pl
ic
at
el
lu
s
L
P
L
I
-
-
-
-
1
1
L
C
L
im
n
on
ec
te
s
la
ti
ce
ps
L
L
A
T
-
-
1
-
-
-
L
C
L
im
n
on
ec
te
s
m
al
es
ia
n
u
s
L
M
A
L
-
-
-
11
6
-
N
T
O
cc
id
oz
yg
a
la
ev
is
O
L
A
E
-
-
-
3
1
-
L
C
M
ic
ro
h
y
li
d
ae
K
al
op
hr
yn
u
s
pl
eu
ro
st
ig
m
a
K
P
L
E
U
-
-
1
-
-
-
L
C
K
al
ou
la
pu
lc
hr
a
K
P
U
L
1
25
23
-
-
-
L
C
M
ic
ro
hy
la
bu
tl
er
ii
M
B
U
T
-
16
8
-
-
10
L
C
M
ic
ro
hy
la
he
ym
on
si
M
H
E
Y
-
28
63
-
3
2
L
C
M
ic
ro
hy
la
in
or
n
at
a
M
IN
O
-
-
-
-
2
1
L
C
M
ic
ro
hy
la
m
an
th
ey
i
M
M
A
N
-
-
-
-
2
7
D
D
M
ic
ro
hy
la
su
pe
rc
il
ia
ri
s
M
S
U
P
-
-
-
-
-
4
D
D
R
an
id
ae
H
yl
ar
an
a
ba
ra
m
ic
a
H
B
A
R
-
-
-
-
-
5
L
C
H
yl
ar
an
a
er
yt
hr
ea
H
E
R
Y
47
9
1
1
-
-
L
C
H
yl
ar
an
a
gl
an
du
lo
sa
H
G
L
A
N
-
-
1
16
6
6
L
C
H
yl
ar
an
a
la
bi
al
is
H
L
A
B
-
-
-
73
20
12
D
D
H
yl
ar
an
a
m
io
pu
s
H
M
IO
-
-
4
-
-
-
L
C
H
yl
ar
an
a
pi
ct
u
ra
ta
H
P
IC
-
1
-
8
5
-
L
C
O
dd
or
an
a
ho
si
i
O
H
O
S
-
-
-
12
2
-
L
C
R
h
ac
op
h
or
id
ae
P
ol
yp
ed
at
es
le
u
co
m
ys
ta
x
P
L
E
U
2
4
49
-
-
-
L
C
T
ot
al
91
21
9
20
2
18
2
73
58
Appendix B
160
APPENDIX B. 161
Figure B.1: Stream found in forest [(a) Kuala Lompat, (b) Bukit Rengit], along
with a typical plantation stream, (c)
Appendix C
Table C.1: Quadratic linear models for pool water depth against visit num-
ber (1st, 2nd, 3rd and 4th) for pools used for breeding and non-breeding by
amphibians
Breeding present Breeding absent
Coeﬃcients
Intercept (SE) -3.60 (6.27) -7.55 (5.83)
Visit (SE) 10.3 (5.72) 13.7 (5.32)
Visit2 (SE) -2.13 (1.13) -2.74 (1.05)
Adjusted r2 0.361 0.617
F-statistics 1.85 3.41
p-value 0.462 0.357
Residual standard error 2.25 2.10
degree of freedom 1 1
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Table D.1: Water depth of each pool in plantation sites
(Lanchang and Sungai Mai) and forest sites (Kuala Lom-
pat and Bukit Rengit) measured at each visit
Pool no. Site Depth (cm)
Visit 1 Visit 2 Visit 3 Visit 4
1 Lanchang 13 15 17 3
2 Lanchang 11 14 18 3
3 Lanchang 8 14 16 0
4 Lanchang 16 8 0 0
5 Lanchang 10 2 0 0
6 Lanchang 10 2 5 2
7 Lanchang 8 5 13 0
8 Lanchang 10 0 0 0
9 Lanchang 0 10 5 0
10 Lanchang 0 10 4 0
11 Lanchang 0 1 13 0
12 Lanchang 0 15 5 0
13 Lanchang 0 30 0 0
14 Lanchang 0 9 10 0
15 Lanchang 0 24 0 0
16 Lanchang 0 15 9 2
17 Lanchang 0 30 0 0
18 Lanchang 0 28 0 0
1 Sungai Mai 48 10 60 65
Continued on next page
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– continued from previous page
Pool no. Site Depth (cm)
Visit 1 Visit 2 Visit 3 Visit 4
2 Sungai Mai 15 10 16 3
3 Sungai Mai 1 11 10 3
4 Sungai Mai 2 12 5 4
5 Sungai Mai 1 3 3 0.5
6 Sungai Mai 1 4 2 0
7 Sungai Mai 9 41 35 29
8 Sungai Mai 0 1 0 0
9 Sungai Mai 0 1 0 0
10 Sungai Mai 0 3 0 0
11 Sungai Mai 0 1 0 0
12 Sungai Mai 0 2 0 0
13 Sungai Mai 0 1 0 0
14 Sungai Mai 0 3 4 0.5
15 Sungai Mai 0 5 5 0
16 Sungai Mai 0 5 25 0
17 Sungai Mai 0 5 0 10
18 Sungai Mai 0 5 0 20
19 Sungai Mai 0 2 0 0
20 Sungai Mai 0 18 0 0
21 Sungai Mai 0 1 4 0
22 Sungai Mai 0 1 0 0
23 Sungai Mai 0 4 0 10
24 Sungai Mai 0 50 32 27
25 Sungai Mai 0 20 2 0
26 Sungai Mai 0 4 0 0
27 Sungai Mai 0 3 0 0
1 Kuala Lompat 10 50 58 38
1 Kuala Lompat 15 50 58 49
1 Kuala Lompat 3 30 49 49
Continued on next page
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– continued from previous page
Pool no. Site Depth (cm)
Visit 1 Visit 2 Visit 3 Visit 4
1 Kuala Lompat 10 30 49 30
1 Kuala Lompat 50 90 60 49
1 Bukit Rengit 35 40 20 20
1 Bukit Rengit 13 20 15 20
1 Bukit Rengit 1 5 0 10
1 Bukit Rengit 0 60 30 0
Appendix E
166
APPENDIX E. 167
Figure E.1: Temporary pools typically found in (a) forest and (b) plantation
sites
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Appendix G
Table G.1: Estimated coeﬃcients of variables generated from non-truncated
negative binomial linear and zero-truncated negative binomial linear model with
standard error of coeﬃcient for each model type. Variable host type (factor)
was separated into abbreviated species names (refer to Appendix A for corre-
sponding full names), with the Intercept corresponding to Limnonectes blythii.
Variable Non-truncated model (SE) Zero-truncated model (SE)
Intercept -4.25 (2.25) -5.10 (0.48)
Host(FLIM) 5.44 (4.25) 6.14 (5.69)
Host(HEY) 10.7 (5.74) 14.1 (7.59)
Host(MAN) -11.4 (5.29) -13.5 (7.06)
Host snout-vent 1.54 (0.564) 1.74 (0.717)
Host(FLIM):Snout-vent -1.57 (1.10) -1.78 (1.47)
Host(HEY):Snout-vent -3.42 (1.88) -4.59 (2.50)
Host(MAN):Snout-vent 4.06 (1.67) 4.78 (2.23)
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